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Abstract 
In this thesis, new all-printed capacitors are developed for the applications of energy storage, 
filter, and resonant circuits by using new dielectric material and an advanced technology. The 
innovative devices provide satisficing electrical performances with high breakdown voltages 
and capacitance densities. 
The main body of this thesis is divided in three parts. The first part is to introduce the 
fundamental background of printing technologies, electrical capacitors and printable materials. 
Among all the printing technologies, direct writing family is the most advantageous in the 
small-scale and fast production of printed electronics due to the properties of masterless 
processing, digital control, and print-on-demand. Both inkjet printing and ultrasonic fluid 
dispensing applied in this work are grouped into the direct writing family. A cross-linkable 
dielectric material poly(methyl methacrylate)84/(4-benzoylphenyl methacrylate)16 
[P(MMA84/BPMA16)] exhibits the optimized chemical and mechanical stabilities in 
comparison with uncross-linked poly(methyl methacrylate) (PMMA). Poly(vinylidene 
fluoride-co-trifluoro ethylene) [P(VDF-TrFE)] exhibits a high dielectric constant of 16. The 
great advantages of both polymeric dielectrics make them ideal for printed electronics. The 
second part is devoted to the preparation of printed thin-film capacitors by providing four 
different layouts and architectures for multiple electronic applications. The printing setup, 
process setting and steps are summarized in detail.  
The following part which is the major content of this thesis is divided into two aspects: in the 
first aspect, the intriguing new form of continuous solution dispensing technology, ultrasonic 
fluid dispensing, is demonstrated as an alternative printing technology for the commonly 
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applied ones. In comparison with the widely-used inkjet printing, continuous solution 
dispensing is the most advantageous in thin-film capacitor processing with metal nanoparticle 
and polymer dielectric inks. It enables precise pattern transfers with low surface roughness, 
small feature size (as small as 5 µm), and accurate positioning (5 µm resolution). Most 
importantly, problems due to discrete droplets and nozzle clogging in inkjet printing are 
avoided in continuous solution dispensing. All the inks applied for printed capacitors in this 
work are printed successfully with this innovating technology. Direct printing on demand and 
rapid switching among different inks are some other attributes of this printing technology that 
enable high throughput. The second aspect of this part is to characterize and evaluate the 
fabricated capacitors. The measured values include capacitor dimension, dielectric strength, 
capacitance density, energy density, charge/discharge behavior and so on.  
In summary, this work provides not only the use of the advantageous materials 
P(MMA84/BPMA16) and P(VDF-TrFE) in high-performance capacitors, but also paves the way 
of developing thin-film capacitors with a new continuous solution dispensing technology 
which makes the low-cost and high-quality manufacture of printed devices possible. 
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 Introduction 
Printed electronics is a well-understood, long-used technology. For the past several decades, 
scientists have successfully used conventional printing methods to create thin-film electronic 
devices such as resistors, coils, capacitors, light-emitting diodes, and thin-film transistors [1, 
2, 3, 4, 5]. Widespread applications of printed electronics in the commercial market include 
e-papers, smart labels, radio-frequency identification (RFID)-tags, and rolled-up displays [6, 
7, 8, 9]. Unlike traditional electronics fabrication which relies on highly specialized facilities 
and complex processing steps involving lithographic and chemical methods, printing 
technologies make it feasible to process low-cost electronics using additive deposition 
methods with simple printing machines in a less rigid environment. The most important 
advantages of printed electronics are low fabrication costs, environmental friendliness, high 
throughput, and compatibility with large areas and flexible substrates. 
As essential components in electric circuits, capacitors are also required to be developed with 
printing technologies. Like conventional capacitors, printed capacitors are applied to store 
enough energy and transfer power effectively in electric circuits. The critical factors of 
capacitors are breakdown voltage, capacitance density and charge/discharge characteristics. 
To realize high performance in printed capacitors, two main tasks should be fulfilled.  
The first task is to develop and evaluate fluid conducting and dielectric materials which can 
exhibit high performances in printed capacitors. The reported dielectric materials were 
mostly polymeric dielectrics, for example poly(4-vinylphenol) (PVP) and poly(imide) (PI), 
because of the good solubility in solvents, ease to print and flexibility [15, 16]. Inks based on 
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metal oxides such as HfO2 and BaTiO3 were also reported, exhibiting a high dielectric 
constant of 12.6 and 70, respectively [17, 18]. The combinations of metal oxide-based inks 
and polymer solutions were interested because the metal oxide-polymer composites gained 
high dielectric constant and good printability at the same time [2]. In these studies, dielectric 
thicknesses varied from several hundred nanometers to several dozen micrometers and 
capacitance densities were limited to the level lower than 57 µF·m-2. Although poly(methyl 
methacrylate) (PMMA) has the great advantages of no OH-groups trapping charges at the 
interfaces as in the case of PVP, very few capacitors have been reported to use PMMA as 
dielectric due to a high risk of dissolving, swelling, and intermixing with neighboring layers, 
which leads to low breakdown field strengths [13]. To overcome this problem, in this thesis 
a cross-linkable copolymer, poly(methyl methacrylate)84/(4-benzoylphenyl methacrylate)16 
[P(MMA84/BPMA16)] that has been developed by A. Berndt at the Leibniz Institute for 
Polymer Research Dresden (Leibniz-Institut für Polymerforschung Dresden e.V., IPF) was 
applied [14]. The comonomer, 4-benzoylphenyl methacrylate (BPMA), allows for successful 
cross-linking of PMMA chains by ultraviolet (UV) irradiation, and thus, improves chemical 
stability and dielectric properties [14]. Another polymer poly[(vinylidene fluoride-co-
trifluoro ethylene] [P(VDF-TrFE)] is also applied as a dielectric material, because it provides 
a high dielectric constant up to 16. On this basis, the achieved capacitance densities are 
expected higher than those given in previous reports by reducing the dielectric thicknesses 
with an advanced printing technology in this work. Besides, a possibility of the combination 
of BaTiO3  and P(VDF-TrFE) solutions is also interested in this study. 
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The second task, which is also a difficult point in printed electronics, is to realize successful 
depositions of functional layers with a reliable printing technology. Keeping in mind the 
drawbacks of the existing printing technologies, the expectations of this optimized printing 
method area are good print quality, high accuracy of patterning, possibility of modification, 
and wide adaptation to various materials. Many reports used ink-jet printing to fabricate thin-
film capacitors due to the advantages of low cost, mask-less process and simple digital setup 
[2]. However, problems due to discrete droplets and nozzle clogging are often observed and 
make printing difficult or not possible for inks with high viscosity and noticeable particle 
sizes [19]. To avoid these problems, ultrasonic fluid dispensing, an intriguing new form of 
continuous solution dispensing technology, is applied in this work. The technology has high 
tolerance to inks with viscosities of up to 450 cP and particles with sub-micron sizes that are 
not printable with inkjet printing. In the process flow, electrodes and dielectric layers are 
deposited sequentially with electrically functional inks. The transformation from liquid ink 
to solid layer involves drawing, drying, and thermal or ultraviolet curing processes in that 
sequence. The basic prerequisite for the processing of suitable capacitors is the 
characterizations of each functional layer and the influential factors which should be fully 
investigated and adjusted to obtain the optimal printing performance.  
 
  
 4 
 
 Basics of printing technologies, electrical 
capacitors and printable materials 
 Printing technologies in the application of microsystems 
 Origins and brief history 
Traditionally, the term “printing” stands for a set of processes that transports reproducible 
graphics and text to entity medium, such as textiles and paper. The initial purpose of printing 
was to spread information-containing materials such as books and newspapers. As the 
communication tools of Mesopotamians in 3000 B.C., the clay boards with printed graphics 
and the carved seals that were used to make the graphics were the earliest forms of printing 
discovered by archaeologists. Around the 3rd century, the woodblock printing originated in 
East Asia, based on which movable type printing was invented by Bi Sheng in the 11th century 
[20]. In the 15th century, Johannes Gutenberg also developed the movable type technology 
of a printing press in Europe [21]. With the reusable movable type printing technology, a 
new era of printing history began, because of the ease of reproduction and the dramatically 
reduced time and cost. From then on, a variety of printing technologies have emerged.  
In general, the conventional printing technologies include letterpress, gravure, offset, screen 
printing, and so on. The common characteristic among the conventional printing is the use 
of interventions such as designated masters or templates to obtain the desired features on the 
substrates. In 1875, the scientist Robert Barclay created the first rotary offset in which the 
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image is first transferred from a plate to a stone covered with a rubber blanket, then to the 
target substrate [22]. Around the same time in the late 19th century, gravure printing, which 
involves the transfer of images from an engraved cylinder to a target substrate, was developed 
and improved for the commercial reproduction of magazines and advertising pieces [23]. 
Then in the early 20th century, modern screen printing, which squeezes the ink paste through 
a patterned open area of a mesh onto a substrate by pushing the paste with a blade became 
increasingly commercialized [24]. 
As a new member of the printing technology family, direct writing was triggered by the 
development of desktop PCs and has emerged since the 1970s. The term “direct writing” 
stands for a class of technologies capable of depositing different types of materials onto a 
rigid or flexible substrate by following a digital layout [25].  
In 1990s, common printing technology and fabrication of electrical devices were linked 
together, and inventively, electrically functional inks were used for the formation of 
electronic devices and circuits, instead of colors in the traditional printing of text and graphics. 
Both conventional printing and direct writing are applied in the printing of electronics.  
Most of the conventional printing technologies are advantageous in mass production of 
printed electronics because of the flexible substrates and high throughput. However, for 
small-scale and fast output, the use of a master or screen increases the processing complexity 
and leads to a contact between the master and substrate, which arises the contamination risks 
of non-printing area and potential damages of the lower layers of the stacked structures. 
These problems can be overcome by direct writing, which also shows the advantages on fast 
outputs, material economy, and the ease of patterning. This work focuses on the competitive 
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technologies that fall under the direct writing category. The most common direct writing 
technology is introduced as follows. 
 Classification of direct writing 
According to the above-mentioned definition, the three essential properties of direct writing 
are masterless processing, digital control, and print-on-demand. Any printing technology 
with these properties can be grouped into the direct writing family. By synthesizing various 
statements [26, 27, 28], direct writing technologies are classified into four categories based 
on the working theory of ink transfer as shown in Figure 2.1.  
  
Figure 2.1: Classification of direct writing technologies [26, 27, 28]. 
Direct	Writing
Direct	Capillary	Printing	
(DCP)
Pump
Extrusion
Droplet
Inkjet
Drop	on	Demand
(DOD)
Continuous
Aerosol	Jet
Energy
Laser
Ion	Beam
Nano-tip
Dip-pen	
Nanolithography	(DPN)
Nano	fountain	pen	
(NFP)
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Direct capillary printing (DCP) 
DCP refers to several technologies in which high precision micro-dispensing is achieved with 
a continuous ink flow through a small orifice or a needle [26]. As shown in Figure 2.1, it can 
be subdivided into two categories—pump and extrusion.  
For pump-based DCP, the flowable ink is driven towards the capillary tip by a precision 
pump. The pump action can be realized by a precisely controlled air pressure, for example, 
in the nScrypt SmartPumpTM system or by ultrasonic vibrations, for example, in the 
MicroplotterTM instrument. For the nScrypt SmartPumpTM system, it provides the deposition 
of material with a very small volume (down to 20 pL) and a wide range of viscosities (1–
1000000 mPa·s) [29]. The details of the MicroplotterTM instrument will be discussed in 
Chapter 3.  
Extrusion-based DCP realizes the continuous deposition by compressing the plunger of the 
ink syringe, which is mainly commercialized for medical applications. For instance, the 
MicroPenTM is an extrusion-based DCP device with viscosity ranges between 5 and 
500000 mPa·s.  
Droplet-based direct writing 
Unlike DCP, droplet-based direct writing refers to a class of technologies transferring digital 
images onto substrates with a sequence of individual droplets instead of continuous flow. 
Inkjet and aerosol jet technologies are two variants of droplet-based direct writing, as shown 
in Figure 2.1. 
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Based on the operating mode, inkjet printing can be further divided into continuous and 
drop-on-demand (DOD) modes [27, 30]. In the continuous mode [31], ink droplets are 
pumped out of a nozzle in the form of continuous stream charged by an electrostatic field. 
The paths of some droplets are curved by an electrostatic deflection plate and the droplets 
land on the substrate. The others remain unaffected and are collected in a gutter near the 
substrate. Although continuous inkjet printing is ideal for industrial applications like marking 
and coding, it is not a preferred technology for printed electronics because of its limited 
resolution and low quality of printing.  
DOD mode allows the ejection of ink droplets only at the necessary positions. The pulses are 
generated either thermally or piezoelectrically. The thermal inkjet process requires a special 
need of volatile components in the inks to cause the ejection of ink droplets while the 
piezoelectric inkjet process has no such restriction and can be applied for the printing of more 
inks [26, 31].  
In aerosol jet printing, ultrasonically or pneumatically aerosolized ink particles are 
aerodynamically accelerated in the print head and ejected onto the substrate in the form of a 
focused beam for the deposition of the material [26, 32]. The driving force is kinetic energy 
provided by a gas. An aerosol jet system configures usually both the ultrasonic and the 
pneumatic atomizers. The ultrasonic atomizer is applied for inks with low viscosity (0.7–
30 mPa) and small particle sizes (< 100 nm)  [26, 32]. The pneumatic atomizer is used for 
inks with high viscosity (1–2500 mPa) and large particle sizes (up to 500 nm)  [26, 32].  
Among all the technologies of droplet-based direct writing, DOD inkjet technology is the 
most popular one in the fabrication of microelectronic devices. 
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Energy-based direct writing 
In energy-based direct writing, the deposition of materials is achieved by a pulsed laser or 
ion beam. In the approaches of laser direct writing technologies, laser pulses first pass 
through a transparent substrate and then are focused onto the target to induce the ejection of 
material onto the substrate [33]. The target refers to a plate coated with the material of interest. 
The deposition process involves physical or chemical reactions, in which the precursors can 
be gas, liquid, or solid [33]. In contrast to many printing technologies, laser direct writing is 
a nozzle-less and versatile process.   
Ion-beam direct writing is also known as focused ion beam (FIB) printing. During the FIB 
printing, the precursor gases are first adsorbed on the substrate, where they are decomposed 
at the designated positions by the ion beam [34]. Then the desired products from the reaction 
are deposited on the substrate while the volatile by-products are evacuated out of the reaction 
chamber [34]. FIB printing provides a high deposition resolution (< 100 nm), but is limited 
by the slow processing rate and high cost of vacuum system. 
Nano-tip direct writing 
Nano-tip direct writing is adapted from atomic force microscopy (AFM) and is capable of 
the deposition of structures on a nanometer scale. During the printing process, the ink is 
loaded into the AFM tip and transferred onto the substrate with capillary forces through the 
contact between the AFM tip and substrate [10]. The major difference between the dip-pen 
nanolithography (DPN) and nano-fountain pen (NFP) is that in DPN the ink is loaded from 
the AFM tip via capillary forces while in NFP an ink cartridge is connected to a glass or 
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quartz capillary, which replaces the AFM tip [10]. Thus, the printing breakoff for ink refill 
can be avoided in DPN. Both DPN and NFP can create well-ordered self-assembled 
monolayers.  
 Capacitor architecture: parameters and properties 
 Polarization mechanisms 
Electrical insulator refers to solid, fluid, and gas with high resistivity (min. 108 Ω·cm at 20°C) 
[35]. A dielectric material is an electrical insulator in which a polarization displacement of 
bound charges occurs under the influence of an electrical field. Although there are no free 
charges crossing a dielectric, the molecules and atoms interact in situ with the external 
electric field. It moves positive and negative charges slightly from balance positions to 
opposite directions, creating an internal electric field to neutralize the external one [36]. This 
interaction of bounded charges is called dielectric polarization. Based on the different 
molecular and atomic reactions in materials, polarization mechanisms are sorted into three 
types: 
Atomic polarization 
It is also called electronic polarization. In an applied electrical field, the center of electrons 
and the nucleus are driven away from the equilibrium positions and the material becomes 
polarized as shown in Figure 2.2(b). After the removal of the electrical field, the electrons 
and nucleus move spontaneously back to their original positions and the material is relaxed 
from polarization as shown in Figure 2.2(a). Practically, the electron mass is so small that the 
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delay time is negligible for both the polarization and relaxation processes responding to the 
applied electric field [37]. Atomic polarization responds to high-frequency fields up to 
1014 Hz without phase shifts [37]. The atomic polarization occurs to all materials and the 
materials that polarize only in atomic models are considered to be un-polar [36]. In 
comparison to the other polarization mechanisms, the atomic polarization is too weak to have 
a major influence on the dielectric constant of the material [38].  
 
Figure 2.2: Electronic polarization (a) an atom in equilibrium state without the influence 
of electric field; (b) polarized atom when electric field is applied. 
Ionic polarization 
Ionic polarization appears only in ionic crystals or molecules consisting of both positive and 
negative ions [37, 35]. Dipoles exist naturally in these materials, but balance each other in 
equilibrium states (see Figure 2.3(a)). Ionic polarization occurs in an electrical field, when 
the dipoles are displaced and the centers of positive and negative ions do not overlap any 
more (see Figure 2.3(b)). Like atomic polarization, ionic polarization is also reversible. Since 
the mass of ion is relatively larger than that of an electron, there is a time-delay between the 
(a) (b) 
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changes of electrical field. The maximum frequency that can induce ionic polarization is in 
the order of 1012 Hz [37]. 
 
Figure 2.3: Ionic polarization (a) atoms in equilibrium state without the influence of 
electric field; (b) polarized atoms when electric field is applied. 
Orientation polarization 
Orientation polarization occurs in materials where natural dipoles exist permanently and can 
rotate freely in situ. In equilibrium states, the orientations of dipoles are random (see 
Figure 2.4(a)). When an external field is applied, the dipoles are aligned along the same 
direction (see Figure 2.4(b)) and the so-called orientation polarization occurs. The maximum 
frequency that can induce ionic polarization is about 1010 Hz [37]. 
Spontaneous polarization is a special case of orientation polarization, which describes a 
unique property of ferroelectric materials. In ferroelectric materials, polarization can occur 
spontaneously without application of an external field and dipoles align along the same 
direction within a domain [37]. Below the Curie temperature, the polarization change not 
only depends on the temporal electrical field but also depends on the change trend of electric 
(a) (b) 
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field. After the removal of external field, polarization remains in ferroelectric materials and 
charges are held on the surface (see Figure 2.4(c)). An example of a typical ferroelectric 
material is BaTiO3. 
 
Figure 2.4: Orientation polarization (a) atoms in equilibrium states before the influence 
of electric field; (b) polarized atoms under the influence of electric field; 
and (c) remnant polarization of atoms in ferroelectric material after electric 
field is cancelled. 
 Macroscopic effects 
To study the behavior of the dipoles in an alternating field at the macroscopic level, the 
complex values of the electric displacement field 𝐷 and the applied electric field strength 𝐸 
are applied. The ratio between 𝐷 and 𝐸 is described by the complex dielectric constant 𝜀. 
 𝐷 = 𝜀 ∙ 𝐸 ( 1 ) 
The complex dielectric constant 𝜀 is given by 
 𝜀 = 𝜀*𝜀+ = 𝜀*(𝜀+- − 𝑗𝜀+--) ( 2 ) 
(a) (b) (c) 
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Here, the dielectric constant of vacuum 𝜀* =  8.85419 × 10-12 AsV-1m-1 and the relative 
dielectric constant 𝜀+  is the ratio of the dielectric constant of a substance to 𝜀*. Based on 
polarization mechanisms, 𝜀+  is frequency-dependent. The imaginary part of the relative 
dielectric constant 𝜀+-- represents dielectric losses resulting from relaxation effects and the 
resonance frequency of polarization mechanisms. Technically, 𝜀+ is commonly used to quote 
as the only real part 𝜀′+. The capacitance of a planar capacitor is given by 
 𝐶 = 𝜀*𝜀+ 𝐴𝑑 ( 3 )  
Here, A and d represent effective area and electrode distance, respectively.  
Capacitance pro area is considered as capacitance density, 
 𝐶∗ = 𝜀*𝜀+𝑑  ( 4 )  
The dielectric loss tangent is defined as: 
 𝑡𝑎𝑛 𝛿 	= 	 𝜀+--𝜀+-  ( 5 ) 
This is the ratio of the imaginary part 𝜀+-- of 𝜀+ to the real part 𝜀′+ and can also be explained 
as the current ratio of resistor part to reactance part. Figure 2.5 shows an equivalent circuit 
of a capacitor in consideration of dielectric loss as a resistor at low frequencies and vector 
diagram of dielectric loss tangent. 
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Figure 2.5: (a) Equivalent circuit of a capacitor in consideration of dielectric loss as a 
resistor at low frequencies and (b) vector diagram of a dielectric loss tangent. 
Figure 2.6 shows the relationship between the frequency-dependent 𝜀+  and 𝑡𝑎𝑛 𝛿 
corresponding to polarization mechanisms. The extreme values of 𝑡𝑎𝑛 𝛿  appear at the 
resonance frequencies according to the natural frequency of dipoles, where 𝜀+ falls rapidly 
because of the loss of the corresponding polarization [36, 37].  
 
Figure 2.6: Relationship between the frequency-dependent 𝜀+ and 𝑡𝑎𝑛 𝛿 corresponding 
to polarization mechanisms. 
(a) (b) 
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Figure 2.7 shows the equivalent circuit of a real capacitor, where not only the ideal 
capacitance C but also some other parasitic elements are taken into consideration. Parallel 
resistance Rp results from the polarization change and leakage current. The impacts of 
contacts and wires are expressed as equivalent series resistance RL and inductor L, which 
leads to a low resonance frequency of the capacitor and makes the capacitor inductive at very 
high frequencies [39]. 
 
Figure 2.7: Equivalent circuit of a capacitor. 
Furthermore, the stored energy E of a capacitor can be calculated with the following equation: 	 𝐸 = 𝐶𝑈<2  ( 6 ) 
The energy density of a capacitor describes the energy amount stored per unit volume, which 
is limited by dielectric strength Ed. Substituting equation (3) into equation (7), it is revealed 
that E increases proportionally with the dielectric volume and the square of the dielectric 
strength 	 𝐸 = 𝜀*𝜀+𝐴𝑑𝐸><2  ( 7 ) 
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Then, the maximum energy density 𝑤@AB is defined as the stored energy divided by the given 
volume between two electrodes in consideration of dielectric strength 	 𝑤@AB = 𝐸𝑉 = 𝜀*𝜀+𝐸><2  ( 8 ) 
In DC application (𝜔 → 0), the practical capacitor is considered as a leaky capacitor shunted 
by a parallel resistor Rp , as depicted in Figure 2.8. The series resistor Rs results from the 
contacts, wires and electrodes. The resistive effects represent the power loss of the real 
capacitor.  
  
Figure 2.8: RC equivalent circuit of a capacitor in DC application. 
Here, C, Rs and Rp are major parameters which characterize a capacitor. During constant 
current I,  C is determined with the base equation (9). 
 𝐶 = 𝐼×∆𝑡∆𝑉  ( 9 ) 
Here, ∆𝑉 is voltage difference in the duration of ∆𝑡; U is the measured voltage between the 
two electrodes. 𝑈J  
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𝑈J  represents capacitor voltage in the RC equivalent circuit and can be determined in the 
following open circuit after the capacitor is constantly charged with the current I. During the 
following open circuit, the measured voltage between two electrodes dropped rapidly to UC 
at the beginning because no current passes Rs. Rs is determined with equation (10). Then the 
capacitor is discharged through the closed loop of C and Rp, so the measured voltage U 
decreases exponentially with a time constant τ	as exhibited in equation (11) and the value of 
Rp can be calculated with equation (12). 
 𝑅L = 𝑈 − 𝑈J𝐼  ( 10 ) 
 𝑈 = 𝑈J𝑒NOP ( 11 ) 
 𝜏 = 𝑅R𝐶 ( 12 ) 
Further, the capacitance density 𝐶∗  , transverse unit resistances 𝑅L∗  and 𝑅R∗  are calculated 
with the following equations: 
 𝐶∗ = 𝐶𝐴 ( 13 ) 
 𝑅L∗ = 𝑅L𝐴 ( 14 ) 
 𝑅R∗ = 𝑅R𝐴 ( 15 ) 
Here, A represents the effective cross-sectional area of the electrodes. 
 Dielectric breakdown 
As the applied electric field across a dielectric material is increased gradually to a certain 
value, the electrons accelerate rapidly resulting in damages of dielectric material [40]. This 
phenomenon is the so-called electrical breakdown. Dielectric strength 𝐸> , as a material 
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property, refers to the electric field below which the material can withstand continuous 
electric stress without an appearance of electron paths and a loss of insulating properties [40]. 
For a planar capacitor, breakdown voltage 𝑈S is given by 
 𝑈S = 𝐸>𝑑  ( 16 ) 
where d is the thickness of the dielectric layer. Breakdown voltage is an essential parameter 
of capacitor performance. There are three main types of breakdown phenomena in solid 
dielectrics, and they are electrical breakdown, thermal breakdown, and mechanical 
breakdown.  
Electrical breakdown is caused by ionization of host atoms resulting from an electron 
avalanche, which is the phenomenon of electrons being released with a high speed by an 
intrinsic field emission where large energy is excited from the valence band to the conduction 
band [41, 42]. The electrical breakdown takes place under 0.1 s [37].  
With respect to thermal breakdown, the local material temperature is increased by Joule heat, 
whereby overheat causes a local charring. It can form a permanent conducting channel and 
leads to a dielectric breakdown [41]. The breakdown can be also caused by external heat. 
The process takes a longer time (0.1–103 s) in comparison with the electrical breakdown [37]. 
When the material experiences mechanical deformation with continuous stress, the 
appearance and growth of small cracks would form electron paths across the dielectric and 
further lead to the breakdown [41]. As the mechanical damages occur, the breakdown process 
is not reversible and leads to a permanent failure of the electrical device. This is known as 
mechanical breakdown. 
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Besides the three given types of breakdowns, an early breakdown caused by the imperfection 
of dielectric structure is of essential to the final device performance and yield [43]. Practically, 
the deposited dielectric layers are not ideal and contains some possible defects, such as 
atomic vacancies, grain boundaries, and impurities, which trap charges in the electric field. 
When the local charges are accumulated, an early avalanche process occurs at a low level of 
applied electric field [44, 45]. In thinner material, free charges are mostly trapped by the  
defects near surfaces, so the charges and the generated heat inside the material can be released 
easily on the surface. However, in thicker material the accumulation of charges is likely to 
take place at a deeper position where the temperature also rises higher because of the 
unreleased heat, which results in an earlier breakdown when compared to thinner material. 
Therefore, in general, dielectric strength increases with a decrease in material thickness. 
  Materials applied for printed capacitors 
 Substrate materials 
The choice of substrates depends on the expected application area of printed devices. 
Capacitors for common applications are printed on typical rigid materials such as glass [46, 
47] and sapphire substrates [48]. Polymer materials, such as polypropylene (PP), polyimide 
(PI), and polyethylene terephthalate (PET) are of interest because of their advantages of 
flexibility and transparency for display applications [49, 50]. In wearable applications for 
healthcare and human-machine interaction, textiles [51, 52], and papers [15, 53] are mostly 
reported substrates of printed capacitors. However, the use of flexible substrates is always 
 21 
 
restricted by their relatively low thermal and chemical stability, which attracts great research 
interests in the printable materials requiring low-temperature treatments [54, 55]. For the 
consideration of a better production yield and device reliability, the rigid material glass is 
applied as the substrate in this study to avoid the possible damages from the heating process 
and mechanical deformation of flexible substrates. 
 Conductive inks 
In recent years, four types of conductive inks are commonly applied for printed electronics: 
metal nanoparticle (NP) inks, metal-organic complexes in solution, suspensions of 
conductive polymers, and carbon-based nanomaterials [56].  
For metal NP inks, metal particles are provided with organic shells and suspended in water 
or organic solvents [31]. The organic shells are required for two purposes. First, they work 
as stabilizers to disperse metal NPs in solutions. Second, they prevent NPs from 
agglomeration and oxidation [24]. The diameter range of metal particles is usually from 
several tens to many hundreds of nanometers. During a sintering process after printing, 
organic shells are removed to build direct contacts between the NPs. Further sintering leads 
to a formation of dense metallic films with reduced grain boundaries, and hence the electrical 
conductivity increases [57]. One of the advantages of the metal NPs is that their sintering 
temperature is much lower than melting temperature of the bulk materials, which is due to 
the higher surface area to volume ratio of the NPs [58]. For example, the melting point of 
bulk silver is 960°C, but silver NPs with the average diameters of 5 nm can be sintered at 
200°C [59]. 
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Unlike the metallic NPs, metal-organic complexes are not suspensions of particles but are 
soluble salts that are dissolved in organic solvents. The metal can be reduced with a heating 
or optical process after the inks are printed on the substrates. Therefore, the risk of particle 
agglomeration is avoided, which is the advantage of metal-organic inks [31]. On the other 
hand, a disadvantage of the complexes is that only a low amount of metal can be printed at a 
time because of the limited solubility of salts. 
Commonly used metal materials are gold [55] and silver [54, 60]. Both metals show high 
conductivity and processability in air. The conductivity of bulk gold and silver are 4.4	×	10W and 6.3	×	10W	Ω-1·m-1, respectively [61]. Because of the price advantage, the use 
of silver is reported more frequently than gold. Besides, copper and nickel NPs also can be 
applied for the printing process. However, to avoid their oxidation in air, special coatings or 
inert atmospheres during processing are required, and thus, the processing complexity is 
dramatically increased [31].  Table 2.1 exhibits the conductivities of bulk metal materials and 
printed films with metallic NP inks. 
Table 2.1: Conductivities of bulk metal materials and printed films with metallic NP inks. 
Metal materials Conductivity of bulk 
materials (Ω-1·m-1) 
Conductivity of printed films 
with NP inks (Ω-1·m-1) 
Au 4.4	×	10W [61] 8.0	×	10[ [62],  6.3	×	10[ [63] 
Ag 6.3	×	10W [61] 3.3	×	10W [64],  3.1	×	10W [65] 
Cu 6.0	×	10W [67] 8.7	×	10[ [68],  2.7	×	10W [69] 
Ni 1.4	×	10W	[67] 1.3	×	10[ [70] 
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For conductive polymers, typical examples are polyaniline (PAni), poly(3,4-ethylene 
dioxythiophene):poly(styrene sulfonate) (PEDOT: PSS) and polypyrrole (PPy) [31]. 
Although the polymers possess relatively low conductivity in the order of about 102 to 
105 Ω-1·m-1 and have to be processed in inert atmospheres to avoid humidity and oxygen, the 
unique properties of electrochemical sensitivity, good processability, high transparency, and 
light weight make them suitable conductors in electrochromic displays and sensing 
applications [31, 71, 72, 73]. 
In terms of carbon-based nanomaterials, graphene and carbon nanotubes (CNTs) have certain 
superior properties including a low process temperature, large surface area to volume ratio, 
and a high transparency. Conductive graphene layers are obtained from a reduction of 
graphene oxide as a precursor, because graphene oxide is dispersible in water [61]. Otherwise, 
CNTs coated with surfactants are suspended in suitable solvents. The coating with surfactants 
is required to avoid a decreased conductivity resulting from an unwanted formation of large 
bundles of nanotubes [31, 74]. Printed graphene and CNTs can exhibit the electrical 
conductivities in the orders of 102 and 104 Ω-1·m-1, respectively [75, 76]. Both materials are 
widely applied in the applications of supercapacitors and sensors [77, 78].  
 Dielectric materials 
Polarization mechanisms and physical properties of dielectrics were introduced in 
Section 2.2. Traditional dielectric materials are inorganic, such as SiO2, Al2O3, HfO2, TiO2, 
and BaTiO3, and these are mostly processed with traditional electronic fabrication methods 
such as chemical vapor deposition and photolithography. For the applications using printing 
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technology, polymeric dielectrics are more frequently reported than inorganic dielectrics. 
Examples of these dielectric polymers are poly(tetrafluoroethylene) (PTFE), an amorphous 
fluoropolymer (CYTOP), PMMA, poly(vinylene fluoride) (PVDF), and P(VDF-TrFE) 
copolymer. The relative dielectric constants of the above-mentioned materials are listed in 
Table 2.2.  
Table 2.2: Relative dielectric constants of selected inorganic and polymeric dielectrics at 
1 kHz. 
Inorganic dielectrics 𝜺𝒓 Polymeric dielectrics 𝜺𝒓 
SiO2 4.2 [79] PTFE 2 [80] 
Al2O3 8.4 [81] CYTOP 2.24 [80] 
HfO2 25 [82] PMMA 3.6 [83] 
TiO2 80 [82] PVDF 6 [84] 
BaTiO3 400–5000 [85] P(VDF-TrFE) 16 [86] 
 
It is shown in Table 2.2 that the relative dielectric constants of inorganic dielectrics are 
generally larger than those of the polymeric dielectrics. However, polymeric dielectrics still 
have wide applications. The advantages of good solubility in organic solvents, flexibility, 
and transparency make the polymeric dielectrics ideal for printed electronics.  
Polymeric dielectrics can be sorted into two categories: Non-polar and polar. For non-polar 
polymeric dielectrics, the dielectric constant depends on density and chemical composition, 
but does not vary with the change of frequency [79]. A typical example is PTFE with the 
highly symmetrical carbon-fluorine bonds around the carbon backbones [87].  
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On the other hand, the imbalance in charge arrangements and the existence of 
electronegativity are the characteristics of polar polymers, such as PMMA, PVDF, and 
P(VDF-TrFE) shown in Figure 2.9 [79]. Their dielectric constants vary with frequency 
because the polarization mechanisms are frequency-related. The listed materials can be also 
classified into two groups according to the ferroelectricity. BaTiO3, PMMA, PVDF, and 
P(VDF-TrFE) are ferroelectric and the rests are non-ferroelectric [88, 89]. Ferroelectric 
materials are perfect dielectrics for energy storage capacitors, because the spontaneous 
polarization charges are held in the materials after the electric field is canceled.  
 
Figure 2.9: Structure formulas of non-polar PTFE and PMMA, PVDF, P(VDF-TrFE) 
with the marked dipoles. 
For printed parallel-plate capacitors, it is critical to ensure chemical and mechanical stability 
of dielectric layers; else, an interpenetration with top electrode would lead to an early 
breakdown or even shortcut between top and bottom electrodes. To inhibit the penetration, a 
replacement of non-cross-linked polymers with cross-linked polymers has been proposed by 
many researchers and there are many approaches to cross-link PMMA using different kinds 
of cross-linkable comononers and cross-linking methods [90, 91, 92, 93]. Berndt et al. 
 26 
 
introduced a cross-linkable side chain comonomer BPMA and the use of UV irradiation to 
cross-link the PMMA [13]. In comparison with the high temperature treatment, unnecessary 
thermal impacts are avoided in UV irradiation. Another important property of PMMA is that 
the chains of polymer do not possess OH-groups, which would degrade the performance of 
electronics by trapping charges at the interfaces, as in the case of cyanoethylpullulan (CYPEL) 
and poly(vinyl alcohol) (PVA) in Figure 2.10 [13].  
 
Figure 2.10: Structure formulas of CYPEL and PVA. 
Because of the advantages of this PMMA copolymer, it is used as the dielectric material in 
this work. The powder of the UV cross-linkable copolymer, P(MMA84/BPMA16), was 
provided by A. Berndt from the Leibniz Institute for Polymer Research Dresden (Leibniz-
Institut für Polymerforschung Dresden e.V., IPF). Another applied dielectric material is 
P(VDF-TrFE), because it provides a relatively high dielectric constant of 16 among the 
polymeric dielectrics. Uniform thin films with the polymer solutions can be processed with 
both polymers. 
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Figure 2.11: Reaction of BPMA with a CH-, CH2- or CH3-group of polymer chains 
[14]. 
In recent years, there has been a growing interest in a new class of dielectric materials that 
contains organic polymers as matrix structures and ferroelectric dielectrics as fillers [94]. By 
dispersing ceramic particles into the polymer matrix, the new ceramic-polymer composites 
possess great advantages of high dielectric constant because of the incorporation of ceramics 
and, at the same time, the good processability resulting from organic polymers. Examples of 
ceramic materials are ZnO, BaTiO3, and PbTiO3 [94, 95]. The commonly used polymers are 
Epoxy, PMMA, PVDF, and P(VDF-TrFE) [96, 97, 98]. Pratap et al. pointed out that the 
common approach for preparation of the ceramic-polymer composites is to mix ceramic 
nanoparticles with a polymer solution and then evaporate the solvent. However, the difficulty 
of the preparation is that the ceramic nanoparticles tend to agglomerate in the solutions, and 
thus, cannot distribute homogeneous in the polymer matrix [94]. Since the homogenous 
dispersion and high density of ceramic particles in a polymer matrix are essential for 
obtaining high dielectric constants, the processing difficulty is further increased. Although 
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there are some researches that use surfactants to increase the dispersibility of ceramic 
particles, the influence of the surfactants on the dielectric property is still not clear [94].  
 An overview of the current state of research in printed 
capacitors 
There is a growing interest to develop printing technologies in the fabrication of thin-film 
capacitors. Offset and gravure printing are ideal for mass production of printed electronics. 
However, for small-scale print tasks, the commonly reported technologies are screen printing, 
microcontact printing, and inkjet printing. Table 2.3 lists the previous reported studies on the 
parallel-plated capacitors with various materials and printing technologies by others. Because 
the dielectric thickness is an important parameter with influences on capacitance and 
breakdown voltage of a capacitor, the achieved dielectric thicknesses with different 
technologies are concerned. By using screen printing, Siponkoski et al. reported in 2015 a 
fabrication of a thin-film capacitor with 43 μm thick P(VDF-TrFE)/BaTiO3 layer as dielectric 
and in the same year, Ostfeld et al. reported a printed capacitor with BaTiO3 as dielectric with 
a down-scaling dielectric thickness down to 2.97 μm [98, 99]. It shows that screen printing is 
limited to the thick-layer fabrication of paste-like materials. For microcontact printing, 
Nagata et al. enabled a successful patterning of BaTiO3 dielectric layers with the thickness 
average of 100 nm in the processing of the multilayer capacitors in 2006 [48]. However, the 
use of the masters and the polydimethylsiloxane (PDMS) stamps increased the processing 
complexity dramatically. Inkjet printing gained much attention because of the advantages of 
mask-less and drop-on-demand method with digital controlling system. In the reports of Liu 
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et al. (2003) and Vescio et al. (2015), the inkjet-printed thin film with the thicknesses of 
355 and 400 nm with PI and HfO2 as dielectric were developed, respectively [16, 17].  
Since the significant progress of nanomaterials by Friend et al. in 1999 [100] and Anglos et 
al. in 2004 [101], the printable materials are not only limited in polymeric solutions, but also 
inorganic NPs and nanomaterials. Conductive polymer PEDOT:PSS were applied as the 
electrode materials with the achieved conductivity of 500 S/cm [2, 16]. Ag NPs were the most 
frequently reported electrode materials because of the high conductivity up to 4.2	×10_  S/cm 
[102]. For dielectric materials, polymeric dielectric PI and PVP were applied in printed 
capacitors which achieved the capacitance densities of 13 and 21 µF·m-2, respectively [15, 
16]. Metal oxide and metal oxide-polymer composites were also of interest. In the work of 
Siponkoski et al., the screen-printed capacitor with 43 μm thick P(VDF-TrFE)-BaTiO3 as 
dielectric exhibited the capacitance density of 8 µF·m-2 [98]. By reducing the thickness of 
PVP- BaTiO3 dielectric layer to 1.06 μm, Kang et al. created an inkjet-printed capacitor with 
the capacitance density up to 57 µF·m-2 in 2012	[2].	 
Flexible capacitors are specially required in the applications of wearable electronics and 
portable devices. Kim et. al. reported a successful fabrication of screen-printed planar and 
interdigital capacitors with denim fabric of 320 μm as dielectric and Ag electrodes were 
directly printed on the fabric in 2010 [103]. A general fabrication and electrical 
characterization of an all-inkjet-printed capacitor on a flexible textile was realized by Li et 
al. in 2012 [15]. When the flexible substrates are compressed, bended or stretched 
horizontally, the measured capacitances are varied and the printed layers should possess the 
same flexibility and ductility with the applied substrates. 
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 Experimental part 
 Materials applied in this work 
The Ag NPs (AgCite40) suspended in a mixture of glycol ethers from Nano Dimension Ltd. 
are applied as conductive ink throughout this work. The powder of P(MMA84/BPMA16) was 
provided by A. Berndt from the Leibniz Institute for Polymer Research Dresden (Leibniz-
Institut für Polymerforschung Dresden e.V., IPF) [14]. Additionally, the solution of P(VDF-
TrFE) with 75/25 mol% in cyclopentanol was purchased from PiezoTech. The pre-
synthesized BaTiO3 particles (< 5 nm) were purchased from Sigma-Aldrich. 
 Ultrasonic fluid dispensing setup and settings 
Ultrasonic fluid dispensing as an intriguing new form of DCP technology is illustrated in 
Section 2.1.2. A GIX Microplotter instrument (Sonoplot; USA) is applied as the tool for this 
technology. As shown in Figure 3.1, the three major components of a Microplotter instrument 
are the positioning system mounted with a dispenser and a camera system, control electronics 
box, and a PC installed with controlling software. The dispenser that is inserted in the notch 
of the print head on the positioning system consists of a cone-shaped, hollow glass needle as 
ink holder and a stuck piezoelectric for pumping actions, as depicted in Figure 3.2. By taking 
deposition of continuous lines as example, the basic applications and functions of the 
Microplotter instrument are illustrated as follows. 
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Figure 3.1: SonoPlot GIX Microplotter instrument [108]. 
To prepare for a deposition, the procedures are as follows:   
To begin, a pattern of continuous lines is created in a drawing program called SonoDraw and 
automatically loaded by SonoGuide, which is the main control software of the Microplotter. 
Patterning with the optimal drawing path can be realized by editing a specific direction or 
order manually with the software. To calculate the surface gradient, the dispenser is brought 
gradually to the substrate surface and the heights of five equally-spaced points are measured 
along the X and Y-axes. 
The following are the actual dispensing procedures: 
To start up the deposition, the dispenser is assigned to a selected ink well. When the tip is 
dipped into the well, the ink flows into the dispenser via capillary forces. After the loading 
is finished, the dispenser is moved back the substrate surface, where the dispensing is going 
to be started. 
 33 
 
A pumping effect within the needle is generated by ultrasonic vibrations of the piezoelectric 
and creates a droplet between the needle tip and the surface as shown in Figure 3.2. As the 
dispenser passes along the surface, a continuous trace is left. Deactivation of the ultrasonic 
and retraction of the dispenser from the surface occur at the same time to finish a line. 
 
Figure 3.2: Deposition of continuous traces with a Microplotter [108]. 
After the patterning, a standard process to empty and rinse the dispenser follows. 
The dispenser is moved to a defined waste well, where the rest of the ink is pumped out of 
the dispenser. In a subsequent cleaning step, the dispenser loads the rinse solvent from a rinse 
well and then returns to the waste well to evacuate the solvent. This process should be 
repeated for several cycles until the dispenser is ready for the next load. 
The dispenser provides a large printing area of 31 × 30 cm with an accurate positioning 
resolution of 5 µm and a high tolerance to print ink with high viscosity, up to 450 cP [108]. 
For each loading, several microliters of ink can be contained in the dispenser and the ink 
volume for each deposition can be down to a few picoliters [108]. Along all the dispensing 
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settings, there are several essential parameters that should be adjusted to achieve a better 
deposition of patterns as listed in Table 3.1.  
Table 3.1: Essential parameters in the dispensing settings of Microplotter. 
Parameter Description Unit 
Tip aperture 
Diameter of dispenser opening, through which 
the ink is pumped out; 10, 30, and 60 µm 
available. 
µm 
Dispense gap 
Distance between needle tip and substrate 
surface when dispensing. µm 
Pumping voltage 
Alternating current voltage applied to the 
piezoelectric element; maximum 20 V. V 
Printing speed 
Speed at which the dispenser is moved during 
dispensing, maximum 100000 µm/s µm/s	
 
The modification of these parameters is based on the following instructions: 
The tip aperture is an important influential factor to the actual widths of printed lines, which 
also defines the sizes of printed devices. Glass micropipettes with tip apertures of 10, 30, and 
60 µm were provided by the equipment supplier Sonoplot Inc.. For the reason of the discrete 
apertures, the actual widths of printed single lines are not continuously variable. 
A proper dispense gap is essential to form a fluid meniscus at the dispenser tip without 
damaging the glass capillary and the underneath prior-printed layers during overprinting.  
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With an increase of pumping voltage, the strength of pumping action can be increased at the 
resonant frequency of the dispenser. However, above a certain strength the pumping action 
turns to a spraying or fogging out of control, which is not suitable for dispensing.  
As for the printing speed, a hardware limitation must be considered, because movement 
beyond a certain speed tends to shear off the glass at the tip of the dispenser. In Section 4.1.1 
and 4.1.2, all the listed parameters will be examined to achieve the optimal repeatable 
printing setting. 
One of the restrictions of ultrasonic fluid dispensing is the fragile glass dispenser, which 
should be avoided from any physical contact except the one with substrate surface with the 
help of electronic surface sensor. A wrong input of manual positioning, jamming or failure 
of surface sensing could lead the dispenser to press hard against the surface and thus destroy 
the glass tip. The lifetime of a dispenser is thus shortened because of the frequent 
replacements of glass needles. Another restriction of the dispensing technology is that the 
printing routes can only be straight lines, which means a low tolerance of irregularity of 
substrate surface and thus the infeasibility of printing on a curved surface. 
 Inkjet printing setup and settings 
Inkjet printing involves a family of direct writing technologies that can realize digital printing 
of digital patterns by ejecting a train of discrete ink droplets onto substrates. In this work, a 
Dimatix Materials Printer DMP-2800 (FUJIFILM Dimatix Inc., USA) is applied for a 
piezoelectric inkjet technology operating on DOD mode. 
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Figure 3.3: DMP-2800 system [109]. 
Figure 3.3 shows a scheme of an installed DMP-2800 system. Its main components are 
briefly described as follows:  
Print carriage 
It is the core of the DMP-2800 system, consisting of an ink cartridge, cartridge holder, 
cartridge cable, fiducial camera, and some other small components as shown in Figure 3.4. 
The ink cartridge is capable of loading a maximum of 1.5 mL of ink and possesses a faceplate 
of 16 nozzles in single row. Cartridge heating function is used to lower ink viscosity for better 
ejection performance. Fiducial camera allows to inspect the surface of the substrate placed 
on the platen before printing and to align actual prints to the underlying features. 
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Figure 3.4: Print cartridge [109]. 
Platen 
It is at the center of the printing chamber and used to hold substrates with a vacuum pumper. 
Using the platen temperature function, the substrate temperature can be set from room 
temperature to 60°C for various printing needs. During the printing process, the platen moves 
in x- and y-coordinates to realize the pattern positioning. 
Drop watcher station 
It is on the right side of the platen. When the ink carriage is moved to the drop watcher station, 
the nozzles and their surrounding faceplates can be monitored by a camera. It allows the users 
to modify waveforms by directly observing the actual changes in the ejection performance 
before starting a print job.  
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Maintenance station 
It is to the left of the platen. When the carriage is assigned to a cleaning cycle, the nozzles 
are rinsed by jetting and wiping away drops with a maintenance station blotting pad. Cleaning 
cycles can be run repeatedly to improve ejection performance before, during, and after one 
print job.  
Like the microplotter instrument, DMP also utilizes a piezoelectric element to realize ink 
ejection. The difference is that with the DMP discrete droplets are ejected via mechanical 
deformations of a piezoelectric thin film, PZT/Si bimorph. In the early stages of the standby 
position, the PZT/Si bimorph is slightly deformed by the applied bias voltage and the ink at 
the nozzle forms a meniscus bending inward as depicted in Figure 3.5(a). At the second stage 
of the ejection, the PZT/Si bimorph is relaxed to a straight shape at a decreased voltage, 
allowing more ink to fill in. In this phase, the meniscus is maintained as shown in 
Figure 3.5(b). Figure 3.5(c) depicts the next stage, in which the voltage is rapidly increased 
to deflect the PZT/Si bimorph, forcing an ink droplet being formed and ejected out of the 
nozzle. After the ejection, the PZT/Si bimorph turns to the first stage of standby position as 
shown in Figure 3.5(d) and waits for the following periodical refill and ejection. By changing 
the voltage at a fixed frequency, the trains of drops are printed in succession onto the substrate 
with a platen movement to form a continuous pattern.  
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Table 3.2 illustrates essential parameters for the printing with DMP. To achieve an optimized 
printing result, these parameters should be modified based on the characterizations of ink and 
substrate. The inkjet printer is capable of printing on an area of 21 × 31.5 cm with a load of 
1.5 mL ink in the cartridge. The fine nozzles have a high risk of being blocked when inks 
with large-particle dispersion or high volatility over several tens of centipoises are applied. 
The heating function of the cartridges fastens the nozzle blocking due to the increased 
volatility. Thus, the ink choices of inkjet printing are limited, especially for the cartridges 
with nozzles of 1 pL drop. The drop space is an essential parameter for the modification of 
the printing resolution, which determines the density of the droplets landed in each area. The 
reason of the difficulty in achieving a high resolution with inkjet printing is that with an 
extremely low density of the droplets the spacing between adjacent droplets is so large that 
the features would become discontinuous or have curved edges. On the other hand, with a 
Figure 3.5: Four stages in drop jetting: (a) standby; (b) refill; (c) ejection; and (d) recovery. 
(a)  (a) (b) (b) 
(c) (d) 
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high droplet density the feature may lose shape or become irregular because of excessive ink 
in each area. 
Table 3.2: Essential parameters for the printing with DMP. 
Parameters Description Unit 
Drop size 
Drop volume depending on nozzle 
aperture; Cartridges with 1 and 10 pL 
drop size available. 
pL 
Drop space 
Distance between adjacent drops in 
printed feature. µm 
Printhead 
temperature 
Temperature at which ink in the cartridge 
arrives at the printhead; from room 
temperature to 70°C. 
°C  
Platen temperature 
Temperature at which the substrate on 
the platen is heated; from room 
temperature to 60°C. 
°C 
Waveform 
Shape of the voltage pulse to nozzles in 
jetting and non-jetting modes. µs 
Jetting voltage 
Applied voltage of each individual 
nozzle in the ejection stage of the printing 
process; maximum 40 V. 
V 
 
In this work, the applied cartridge contents of 16 nozzles with 254 µm spacing in a single row 
and is available in 1 pL and 10 pL droplet volumes. The cartridge with 1 pL droplet volume 
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was selected to obtain a high resolution of printed features. The applied pre-cleaning process 
for the glass substrates and the annealing process after printing were operated similar to those 
for ultrasonic fluid dispensing. 
 Device preparation with ultrasonic fluid dispensing 
technology 
 Sandwiched capacitors  
Before starting a printing task, a glass substrate was cleaned by O2 plasma to remove 
impurities and contaminants from the surface. Figure 3.6 shows schematically the layout and 
architecture of the sandwiched capacitor with insulating layer in between. Ag squares were 
made at the ends of Ag lines for the use of electrical contact pads. The overlapped area of the 
top and bottom electrodes was the effective area of the capacitor.  
 
 
Figure 3.6: Layout of sandwiched capacitor: top view and cross section along the 
dashed line. 
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Figure 3.7 shows the printing steps of a sandwiched capacitor. The process conditions of 
Ag/P(MMA84/BPMA16)/Ag and Ag/P(VDF-TrFE)/Ag capacitors are reviewed in Table 3.3 
and Table 3.4, respectively. To avoid shorts between electrodes, pinholes or open areas must 
be eliminated in the dielectric layers so that the layers cover the surfaces below the top 
electrodes. Figure 3.8 shows an optical top-view image of a sandwiched capacitor as an 
example.  
 
Figure 3.7: Process flow for producing a sandwiched capacitor. 
Table 3.3: Process conditions of sandwiched Ag/P(MMA84/BPMA16)/Ag capacitors.  
Process 
Step 
Layer 
Order Ink Material 
Ink 
Solution Annealing Process 
1 1. Layer Ag NPs Glycol ethers 
Dry (80°C, 60 min), 
Bake (200°C, 40 min) 
2 2. Layer P(MMA84/BPMA16) Anisole 
Dry (50°C, 60 min), 
UV cross-link (254 nm, 3 J) 
3 3. Layer Ag NPs Glycol ethers 
Dry (80°C, 60 min), 
Bake (200°C, 40 min) 
 
 
 
 43 
 
Table 3.4: Conditions of printing processes for sandwiched Ag/P(VDF-TrFE)/Ag 
capacitors. 
Process 
Step 
Layer 
Order Ink Material Ink Solution Annealing Process 
1 1. Layer Ag NPs Glycol ethers Dry (80°C, 60 min), Bake (200°C, 40 min) 
2 2. Layer P(VDF-TrFE)  Cycopentanole Dry (140°C, 120 min) 
3 3. Layer Ag NPs Glycol ethers Dry (80°C, 60 min),  Bake (200°C, 40 min) 
 
 
Figure 3.8: Optical top-view image of a sandwiched capacitor. 
 Capacitors with long and tight bend electrodes 
Among all the electrical devices in microsystems and circuit boards, capacitors are very 
consuming in terms of area. In view of the circuit shrinkage and capacitance growth, it is 
very practical to use any spare area and fill it with thin-film capacitors. The sandwiched 
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capacitors can be shaped to long and tight bend lines, as shown in Figure 3.9. In practical 
designs, capacitor shapes can be manipulated flexibly to fit into circuit layouts. The process 
flow was as described in Figure 3.7, while the processing conditions were the same as that 
of all the sandwiched capacitors as listed in Table 3.3 and Table 3.4. 
 
 
Figure 3.9: Layout of sandwiched capacitor in a shape of long and tight bend line: top 
view and cross section along the dashed line. 
The alignment of three layers of a capacitor is very critical in this process and controlled 
manually with the help of a CDD live camera focused to the tip of the dispenser and the close 
surface of substrate. The deposition resolution of the Microplotter instrument was 5 μm, 
which was also the possible alignment error. The width of electrode lines was in the range 
from 100 to 240 μm. In view of short-cut prevention, the width of dielectric lines was printed 
at least 100 μm wider than that of electrode lines. Thus, the alignment errors took between 
2% and 5% of the line widths. 
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A larger effective area of the capacitor leads to higher capacitance, but it also increases the 
risk of shorts caused by pinholes or external contaminations. Therefore, high-quality 
dielectric and a clean room environment were requested in this case. Figure 3.10 shows an 
optical image of an all-printed long and bend capacitor. 
 
Figure 3.10: Optical image of an all-printed long and bend capacitor. 
 Multilayer capacitors 
For architectures of stacked capacitors, capacitance can be increased in two dimensions: one 
is to reduce dielectric thickness vertically and another is to increase effective area of the 
capacitor in the horizontal dimension. Since the dielectric thickness has its physical limitation, 
applied capacitors must occupy more area to achieve larger capacitance, which leads to an 
undesired increase of system size. 
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A design of multilayer capacitors is investigated, which multiplies the capacitance without 
occupying more system space. In Figure 3.11, cross-section and top-view images of an all-
printed multilayer capacitor are shown. The capacitor contains two stacked capacitors with a 
shared electrode in between. Then, the top and bottom electrodes are connected to make the 
two capacitors in parallel. 
 
 
Figure 3.11: Layout of multilayer capacitor: top view and cross section along the 
dashed line. 
The first three steps of multilayer capacitor processing are given in Table 3.3 and Table 3.4. 
Subsequently, steps 2 and 3 were repeated in order on top of the lower capacitor to form a 
top capacitor. Theoretically, all-printed multilayer capacitors with more than two capacitors 
in a stack are feasible by the ultrasonic fluid dispensing technology. However, the long-time 
treatment with high temperature reduced the insulation performance of dielectrics and 
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shorted the electrodes. Figure 3.12 shows an optical image of an all-printed multilayer 
capacitor with two capacitors in a stock. 
 
Figure 3.12: Optical image of all-printed multilayer capacitor with two capacitors in 
a stock. 
 Interdigital capacitors 
The common architectures for capacitors can be distinguished into two groups: Stacked and 
planar. In the last three sections, a stacked architecture was applied because of its advantages 
of a large capacitance density and a well-adapted integrated circuit layout. However, the 
stacked capacitors cannot support all the electronic applications. In some cases, such as the 
microstrip microwave integrated circuit, impedance matching network, and RF bypass 
circuits [104, 105, 106, 107], the electrodes are requested to be designed in finger shapes. 
Moreover, for stacked capacitors, there is a risk that the solution of the top electrode dissolves 
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the underlying dielectric and thus the capacitors are shorted especially after high-temperature 
annealing processes. The risk can be avoided by the use of planar interdigital patterns.  
The complete processing of interdigital capacitors is already given in Table 3.3 and Table 3.4, 
just finishes after the first 2 steps. Figure 3.13 shows a layout of designed interdigital 
capacitors. The geometrical parameters including electrode thickness, electrode length, 
electrode number, and gap between electrodes can be adjusted. To increase the capacitance 
and reduce capacitor size, the gaps between electrodes can be brought as close as 14 µm and 
the printing of the electrodes can be repeated for several layers to increase the heights of 
electrodes. To obtain a larger capacitance, the electrode length and number can be also 
increased. As presented in Figure 3.14, the rectangular dielectric layer was filled with 
rastered lines. The reason of this phenomenon has already been discussed in Section 4.1.2.3. 
 
Figure 3.13: Layout of interdigital capacitor: top view and cross section along the 
dashed line. 
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Figure 3.14: Optical images of all-printed finger-structured capacitor. 
 Characterization methods applied in this work 
 Geometrical measurement 
Thickness of the printed feature is measured by an Alphastep 500 contact profilometer (now 
KLA-Tencor, USA) moving horizontally across the features. Surface roughness of the 
printed feature is further measured by a Dimension 3100 atomic force microscope (AFM) 
(Veeco Instruments, USA) with a higher resolution than the contact profilometer. Optical 
microscopy is used to capture the images of patterned lines for obtaining the width and space.  
To observe the changes of Ag NPs before and after the sintering, the surface of the printed 
Ag layer is detected by a scanning electron microscope (SEM) using a S-4700 instrument 
(Hitachi, Japan). 
 50 
 
 Chemical analysis 
X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that provides 
quantitative and chemical state information by scanning the material surface with a focused 
X-ray beam. Using a PHI 5700 ESCA system (Physical Electronics, USA), elemental 
compositions of polymer-ceramic composites were detected. 
 Electrical characterization  
All the electrical measurements were carried out under ambient conditions in a dark box, in 
order to avoid the influence of external light and electrical noise. During a measurement, the 
capacitor is connected with measurement tools by connecting conductive pads with two 
adjustable tips of probes. 
Impedance measurement 
The capacitor impedance is measured as function of frequency using a 4192A LF impedance 
analyzer (Agilent HP, USA). The frequency is swept over the range from 100 Hz to 1 MHz. 
The measuring range of the capacitance is 0.1 pF to 199 mF with a basic accuracy of 0.15%. 
For a capacitor with specified dielectric thickness and effective electrode area, relative 
dielectric constant is calculated by putting the capacitance result into Equation (3). 
Breakdown voltage measurement 
Breakdown voltage measurement is performed voltage steps with a source-measure unit 
(SMU), Model 6430 sub-femtoamp remote SourceMeter (Keithley; USA). The computer-
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controlled bias voltage between two electrodes was increased from 0 to 200 V in steps of 
1 V/s, with leakage currents measured at each voltage. The critical limit of the breakdown 
was set as 25 A/m2, beyond which the capacitor is considered to experience an avalanche 
process. The dielectric breakdown field strength was calculated using equation (16). 
Charge/discharge test  
Maxwell six-step process [110] is a standard technique to evaluate the charge/discharge 
performance of capacitors in a DC application. The process is plotted in Figure 3.15. A 
capacitor is charged and discharged with constant current while the voltage between the two 
electrodes of the capacitor is measured by a programmable high-voltage SMU Model 237 
(Keithley, USA). 
  
Figure 3.15: Charge/discharge test with Maxwell six-step process. 
Step 1. Open Circuit (0 < t < t1). In the beginning of the test, the circuit remains open until 
t1 and is ready for charging the test capacitor.  
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Step 2. Charge (t1 < t < t2). The capacitor is charged with 1 nA constant current until the 
voltage rises to a desired operational value. The end time of this step is recorded as t2. Derived 
from equation (9), the charge capacitance 𝐶`a is estimated to be 
 𝐶`a = 𝐼×(𝑡< − 𝑡b)𝑉< − 𝑉b  ( 17 ) 
Here, for the equations (17), (18), (20) and (21), the voltage 𝑉B  represents the measured 
voltage at the time point 𝑡B. 
Step 3. Open Circuit (t2 < t < t3). In this period, the charge should be held at a certain level 
to store the energy. Here, the capacitance voltage UC can be determined from a clear voltage 
drop at the beginning of this step. Therefore, the series resistance 𝑅L_`a of charging circuit 
with constant current I is derived from equation (18). With the determined time constant τ, 
the parallel resistance can be given with equation (19). 
 𝑅L_`a = 𝑉< − 𝑈J𝐼  ( 18 ) 
 𝑅R_`a = 𝜏`a𝐶`a ( 19 ) 
Step 4. Discharge (t4 < t < t5). The capacitor is discharged in an opposite constant current of 
1 nA until the voltage reduces to half of the operational voltage. The discharge capacitance 
can be calculated as follows. 
 𝐶>`a = 𝐼×(𝑡_ − 𝑡d)𝑉_ − 𝑉d   ( 20 ) 
Step 5. Open Circuit (t5 < t < t6). The voltage is held in the level of half the maximum voltage. 
Based on the same derivation of equation (10) and (12), the discharge series and parallel 
resistances are given by 
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 𝑅L_>`a = 𝑉_ − 𝑈J𝐼   ( 21 ) 
 𝑅R_>`a = 𝜏>`a𝐶>`a ( 22 ) 
Step 6. Negative Charge/Discharge (t > t6). In an opposite constant current of 1 nA, the 
capacitor was further discharged to 0 V. 
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 Results and discussion 
 Preparation and investigation of films and features 
fabricated by ultrasonic fluid dispensing technology 
In this section, the measurement methods refer to profilometry, microscopy, SEM, AFM, and 
XPS, which were described in Section 3.5. The study of Ag electrodes in Section 4.1.1 
focuses on geometrical measurements (thickness and roughness of printed lines), resolution 
tests (line width and space between adjacent lines), and conductivity measurements. The 
optimization of dielectric layers involves geometrical studies (thickness, roughness related 
to solvents, and polymer concentrations), which will be discussed in Section 4.1.2. The study 
of printed rectangular areas and the stabilization of ceramic-polymer composites in 
dispersions and the printability of the dispersions will be presented. 
 Characterizations of printed electrodes 
 Adjustment of printing parameters 
The major printing parameters are tip aperture, dispenser gap, pumping voltage, and printing 
speed. A proper adjustment of those parameters is necessary and important for good printing 
qualities and high resolutions of printed features.  
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Initially, glass micropipettes with tip apertures of 10, 30, and 60 µm were tested. As shown 
in Figure 4.1, the measured line widths of three Ag lines in the top-to-bottom order were 106, 
159, and 235 µm with tip apertures of 10, 30, and 60 µm, respectively. The tip apertures 
determine the actual widths of printed lines, which further define the future sizes of printed 
devices. Because of the discrete apertures, the line widths are not continuously variable. The 
thicknesses of printed lines are around 150 ± 10 nm and show no clear correlation with the 
change of tip apertures. 
Using a glass micropipette with a larger tip aperture, the width of a dielectric feature is 
designated larger than that of an electrode, because for stacked capacitors dielectric layer 
needs to cover the underneath bottom electrode to avoid electrical shorts. In this study, two 
dispensers were applied in the printing process: one with a micropipette of a tip aperture of 
30 µm for printing metallic electrodes; the other with a micropipette of a tip aperture of 60 µm 
for printing dielectric layers.   
 
Figure 4.1: Optical image of silver parallel lines printed by dispensers with aperture 
sizes of 10, 30, and 60 µm. 
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The second adjusted printing parameter was dispenser gap. It is necessary to bring the 
micropipette tip close enough to the surface to form a droplet for the following printing, but 
less height would be harmful to the dispenser tips and scratch the substrate surface or 
underneath layers. In this study, the dispenser height was set at 6 µm. Beyond this height, the 
ink droplet cannot stretch between the micropipette tip and the surface.  
The third printing parameter was the pumping voltage. The voltage was varied from 1 to 15 V 
before the determination of an optimal value. With an increase of the pumping strength, the 
line thicknesses and widths had no large variation, but droplets with the growing sizes were 
found at the end of printed lines where the dispenser was stopped and retracted from the 
surface, as shown in Figure 4.2. The droplet size increased with the pumping voltage. To 
reduce the droplets as small as possible, the pumping voltage was set at 1 V for the printing 
of electrodes. In case it affects the features, the end of a continuous trace is always designed 
away from the functional parts of the pattern with a reasonable distance. 
 
 
 
  
 
Figure 4.2: (a)-(d) Droplets at the line ends observed at varied pumping voltage of 1, 5, 10, 
and 15 V. 
(a) (b) 
(c) (d) 
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The printing speed was adjusted as the fourth printing parameter. From a production point of 
view, a high throughput is gained by applying the fastest possible speed for printing. The top 
speed for an accurate patterning was studied by printing long lines. Figure 4.3 shows optical 
images of two 1.2 cm long lines captured from the line starts to the ends. It was observed that 
the first line produced with a speed of 15000 µm/s was continuous but winding because of an 
uncontrolled vibration of fast movement. By lowering the speed to 10000 µm/s, the second 
line became continuous and straight. Subsequent geometrical measurements of the printed 
line at 10000 µm/s speed showed a uniform thickness of 150 nm and a low surface roughness 
of 2 nm, which agreed with the average values at low speeds. Therefore, taking into 
consideration the printing accuracy and the protection of dispensers, the upper limit of the 
printing speed is set at 10000 µm/s.  
    
Figure 4.3: (a) Schematic of two 1.2 cm long lines printed with different speeds of 
15000 and 10000 µm/s; (b)–(e) optical images of the two printed lines 
captured from the line starts to the ends. 
 58 
 
The dispenser may move in the X and Y directions on the surface while printing, which 
makes the printing of continuous complex patterns possible. Figure 4.4 exhibits such an 
example of a printed long and bended line. It was shown that the average widths and 
thicknesses of the printed lines were identical in both X and Y directions (approximately 
141 µm). This unique feature will provide a great flexibility of designing capacitor layouts.  
 
Figure 4.4: Optical image of printed silver bend lines. 
 Geometrical characterizations of printed Ag lines 
By reducing the space between two structures, the integration density of a complete 
integrated circuit can be increased. A printing test is designed to determine the minimal 
spacing of printed Ag lines. Figure 4.5 shows an optical image of printed parallel lines with 
minimal spacing. It revealed that the average of the closest distances between two individual 
lines was approximately 14 µm. The measurement results of AFM showed that the average 
roughness of the silver surfaces was 2.1 nm. It should be acknowledged that the results of the 
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space between the lines and the width of lines were only measured under the given conditions. 
Changes of printing materials, substrates, and printing setups would lead to different results. 
Therefore, a regular resolution test is recommended when the operating conditions are 
changed.  
  
Figure 4.5: Optical image of parallel Ag lines with minimal spacing. 
 Thermal treatment and electrical resistivity 
After depositing Ag NP ink, a hot plate was applied to evaporate the organic solvent and to 
cause the sintering of Ag nanoparticles. The sintering of silver NPs is an essential process 
for obtaining conductive patterns. The changes in electrical resistance as functions of 
sintering time and temperature were investigated in the following experiments: Firstly, all 
samples were heated at a temperature of 80°C until the appearance of glazed surfaces, which 
indicted a full evaporation of ink solvents. Then, the samples were treated with various 
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sintering temperatures and times. The sintering temperatures were 120, 160, 200, and 240°C 
for different samples while the sintering time for the samples varied from 20 to 120 min.  
Figure 4.6 exhibits that electrical resistivity of printed Ag lines was reduced by the increase 
of sintering time and temperature in general. With the combination of SEM images in 
Figure 4.7, it is shown that electrical resistivity is correlated with the transformations and 
interconnections of Ag NPs by changing the sintering time and temperature. At 120°C, the 
electrical resistivity remained over 40 µΩ·cm when the sintering time was increased from 
20 min to 120 min. As shown in Figure 4.7(a) and (b), after a treatment of either 80°C or 
120°C for 120 min, Ag particles were almost ball-shaped and have a very limited surface 
contact with the adjacent ones. Ag particles showed no significant changes with the 
temperature difference and the particle diameter remained in the range of 50–100 nm, which 
indicated that the sintering process did not start at temperature up to 120°C. At 160°C, a rapid 
drop of resistivity with an increased sintering time was observed, and the measured resistivity 
was 14.7 µΩ·cm for a 120 min sintering time. Particles shown in Figure 4.7(c) connected to 
the adjacent ones, which revealed that a sintering process of Ag particles proceeded at 160°C. 
Furthermore, with a 20 min treatment, Ag line at 240°C exhibited a lower resistivity than the 
one at 200°C. Yet over 40 min, the electrical resistivity of Ag lines at 200 and 240°C 
remained around 6 µΩ·cm without significant differences. As shown in Figure 4.7(d), after 
40 min, all Ag particles were completely transformed and connected to the others. The 
boundaries between particles became obscure or even vanished. Therefore, to obtain a low 
electrical resistivity and to avoid unnecessary thermal impact on devices, the optimized setup 
of Ag NPs sintering should be 40 min at 200°C. Then, the electrical resistivity was 6.5 µΩ·cm. 
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Figure 4.6: Changes in electrical resistivity under the influence of sintering treatment 
as functions of time and temperature. 
           
																																			(a) 80°C prebaking                    (b) 120°C for 120	min      
                             
                                 (c) 160°C for 120 min           (d) 200°C for 40 min                                              
Figure 4.7: SEM images of printed Ag NPs after (a) prebaking at 80°C, subsequent 
sintering processes (b) at 120°C for 120 min, (c) at 160°C for 120 min and 
(d) at 200°C for 40 min. 
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 Characterization of printed polymer dielectric layers 
 Dielectrics and inks preparation 
PMMA is frequently used as an organic dielectric in microelectronics. However, the 
underlying PMMA layers without cross-linking have the risks of re-dissolving by the 
solvents applied for the deposition of upper layers (dielectric multilayers or top electrodes) 
during the subsequent processing [14, 111]. A copolymer powder of cross-linkable 
P(MMA84/BPMA16) was provided by A. Berndt from the Leibniz Institute for Polymer 
Research Dresden. Berndt et al. dissolved P(MMA84/BPMA16) powder in several solvents 
and spin-coated the solutions to create uniform dielectric layers [14].  
Table 4.1 summarizes the solvent properties and printing results of the prepared 15 g/L 
P(MMA84/BPMA16) solutions with these solvents. The evaporation rate is taken on the scale 
of standard solvent butyl acetate. A higher number indicates a faster speed of evaporation. 
The printability of the solutions with ultrasonic fluid dispensing technology was tested. As 
illustrated in Table 4.1, the printing results were not strongly influenced by the solution 
viscosities but clearly correlated to evaporation rates. It is observed that when the solutions 
were pumped out of the capillaries, solvents such as chloroform, acetonitrile, and THF 
volatilized rapidly and caused accumulations of precipitates at the tips of capillaries, so 
solvents with a high evaporation rate were not suitable for ultrasonic fluid dispensing.  
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Table 4.1: List of the solvents used to dissolve P(MMA84/BPMA16) and printing results with 
15 g/L solutions of the polymer. 
Short name of 
solvents IUPAC name 
Viscosity 
(cP) [112] 
Evaporation 
rate [112] Printing result 
chloroform trichloromethane 0.56 11.6 
Blocked 
capillary due to 
rapid 
evaporation 
acetonitrilec acetonitrile 0.34 5.8 
Blocked 
capillary due to 
fast evaporation 
THF tetrahydrofuran 0.48 6.3 
Blocked 
capillary due to 
fast evaporation 
MEK 2-butanone 0.43 4.6 Lines with low uniformity 
ehtyl acetate ethyl acetate 0.43 4.2 Lines with low uniformity 
toluene methylbenzene 0.59 2.0 Lines with low uniformity 
n-butyl acetate n-butyl acetate 0.69 1.0 Lines with low uniformity 
PGMEA 
propylene glycol 
methyl ether 
acetate 
1.10 0.34 Lines with low uniformity 
DMF dimethylformamide 0.92 0.17 
Lines with good 
uniformity and 
even surface 
anisole methoxybenzene 1.05 0.1 
Lines with good 
uniformity and 
even surface 
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For other solvents with a relatively low relative evaporation time, a low uniformity of printed 
lines was observed, as shown in Figure 4.8. Among all the solutions, P(MMA84/BPMA16) in 
DMF and anisole exhibited satisfying printing results. DMF is classified as a toxic material. 
Therefore, anisole was chosen as the solvent for P(MMA84/BPMA16) in this work. 
  
Figure 4.8: Optical image of a printed P(MMA84/BPMA16) in n-butyl acetate with low 
uniformity. 
 Line width and thickness 
For stacked capacitors, to avoid short circuits between top and bottom electrodes, the actual 
widths of the printed dielectric lines must be larger than those of the electrodes. Thus, the 
dielectric line widths were set at least 100 µm greater than those of top and bottom electrodes 
were. The average thicknesses were calculated from the measurement results of 20 samples 
with the same printing conditions. Three different measurement points were considered for 
each sample. 
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Polymer concentrations in the solutions and stacked layer numbers of a dielectric film were 
two effective approaches of modifying the line thicknesses. An increase of line thickness 
with P(MMA84/BPMA16) concentration in general can be observed in Figure 4.9(a). The 
thickness of printed lines increased initially from 20 to 100 µm with the variation of polymer 
concentration from 5 to 30 g/L and then exhibited a gradual increase from 100 to 120 µm in 
the content range from 30 to 100 g/L originating from the printing difficulties for high-
viscosity solutions. The droplets could not be formed between the dispenser tip and surface 
or printed lines broke up during the movement of dispenser. To avoid the print failures, the 
dispensing strength has been enhanced by raising the pumping voltage from 5 to 15 V. Above 
100 g/L, as shown in Figure 4.9(b), the microplotter instrument failed to print a continuous 
and smooth line by pumping enough solution out of the dispenser tip because of a significant 
increase in viscosity and the surface tension of the solution. In this work, P(MMA84/BPMA16) 
in anisole with 30 g/L content was printed for the use of capacitor dielectrics by applying a 
5 V dispensing strength and a 4000 µm/s dispensing speed. 
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Figure 4.9: (a) Increase of line thickness with concentration of P(MMA84/BPMA16); 
(b) optical image of a break-up printed line. 
After the polymer concentration and thickness was determined, the next step was to repeat 
the printing and annealing processes of P(MMA84/BPMA16) with varied layer numbers. The 
linear increase of dielectric thickness with the number of printed layer is displayed in 
Figure 4.10. From the AFM results, the roughness of all the printed layers in Figure 4.9 and 
Figure 4.10 were in the range of 1 to 2 nm and showed no large variation with the 
concentration and layer number.  
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Figure 4.10: Results of multiplicative printing processes of P(MMA84/BPMA16) layers 
on one position. 
P(VDF-TrFE) was applied as an alternative polymer dielectric in this study. The solution of 
P(VDF-TrFE) in cyclopentanol was purchased from Piezotech S.A, France. P(VDF-TrFE) 
with a concentration range from 5 to 100 g/L was printed as continuous lines. Exhibited in 
Figure 4.11 is a rising curve of thickness with P(VDF-TrFE) content in solution, which is 
similar to that of P(MMA84/BPMA16). 100 g/L P(VDF-TrFE) in cyclopentanol was applied 
as the dielectric solution in this work. The roughness of the printed P(VDF-TrFE) was around 
2 nm. 
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Figure 4.11: Increase of line thickness with concentration of P(VDF-TrFE) in 
cyclopentanol. 
 Polymer dielectrics printed in rectangular areas 
Besides continuous lines, printed rectangular areas were also investigated as another option 
for device patterns. Technically, rectangular areas are more complex to be drawn than lines. 
The means of drawing a rectangle is to fill this area with overlapping lines. As illustrated in 
Figure 4.14(a), rastered lines were observed on the surface of a printed area during a practical 
demonstration. For the understanding of the geometry characteristics, a schematic of rastered 
lines cross-sectioned along the direction perpendicular to that of the printing trace is depicted 
in Figure 4.12. It also shown in Figure 4.12 that the maximum peak-to-valley height 
represents the vertical difference of the highest peak and the lowest valley in a sampling 
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length along the surface [113]. The means of maximum peak-to-valley heights of rastered 
lines on P(MMA84/BPMA16) and P(VDF-TrFE) surfaces were larger than 100 nm.  
 
  
Figure 4.12: Schematic of rastered lines cross-sectioned along the direction 
perpendicular to that of the printing trace. 
The reason for the formation of the rastered lines can be explained by the fast drying of the 
polymer solvents. When inks with volatile solvents are exposed to air after printing, their 
evaporation speed is so high that the solvent of a printed line evaporates from the surface 
before the next line can overlap it. In this case, adjacent lines do not dissolve in each other.  
An approach to minimizing the peak-to-valley heights is to reduce the time difference 
between adjacent lines by speeding up the printing. By taking P(MMA84/BPMA16) in anisole 
as an example, rectangular areas were printed in a shape of fixed 1 mm width (parallel to the 
rastered lines) and an unrestricted length (vertical to the rastered lines). The printing speed 
varied from 300 to 9000 µm/s. As can be observed in Figure 4.14(a) and (b), the printing 
results significantly improved with the increased speed. At the centers of the rectangular 
areas (33% of pattern width), the mean of maximum peak-to-valley heights along the surfaces 
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decreased from 100 to 16 nm and the mean roughness decreased from 15 to 6 nm. The final 
thickness of the printed layer at the speed of 9000 µm/s was 175 nm in average. Thus, at the 
centers of the rectangular areas the maximum peak-to-valley heights and roughness of the 
P(MMA84/BPMA16) rectangular areas were reduced to 7% and 3% of the layer thickness, 
respectively. The same results were also measured on 1.6 μm thick P(VDF-TrFE) layers, 
where the wave height decreased from 210 to 60 nm and the roughness from 77 to 28 nm. 
However, at the edge areas of the printed patterns, the peak-to-valley  height remained in 
high levels of 100 nm.  
  
Figure 4.13: Variations of geometric results of printed rectangular areas with increased 
printing speeds.  
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In earlier investigations of R. N. Das et al. and Y.-H. Kim et al., BaTiO3/polymer composites 
were deposited with screen printing [114] and aerosol deposition (AD) printing [115]. 
Printing BaTiO3/P(VDF-TrFE) layer with the microplotter instrument is tested in this work.  
In one approach, the BaTiO3 powder was first added into two different solvents, namely,  
cyclopentanol and 2-butanone (MEK), and stirred for 2 h. Then, P(VDF-TrFE) in 
cyclopentanol was mixed in the solutions. The mixtures further stood for 2 h. As shown in 
Figure 4.15, the particles in cyclopentanol fell onto the bottom of the bottle. The particles 
were dispersible in 2-butanone. When the suspensions were printed with the Microplotter 
instrument, it was observed that ceramic particles were separated out and agglomerated at 
the dispenser tips.  
Figure 4.14: Rastered lines of P(MMA84/BPMA16) layers at printings speeds of 
300 µm/s and 9000 µm/s. 
(a) (b) 
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Figure 4.15: Dispersibility of BaTiO3 in solutions: (a) cyclopentanol and (b) 2-butanone 
(MEK).  
To remove the agglomerated and undissolved particles with large sizes, the 
BaTiO3/P(VDF-TrFE) solutions were filtered with a 0.45 µm filter before printing. However, 
when testing the elemental composition with XPS, no Ba, Ti, and O were detected as 
illustrated in Table 4.2, which indicated that most of the ceramic particles were agglomerated 
in the suspensions up to sizes of at least a few hundred nanometers and thus were filtered out. 
Table 4.2: XPS results of BaTiO3/P(VDF-TrFE) composite surfaces. 
Sample C1s 
(%) 
O1s 
(%) 
F1s 
(%) 
Ti2p 
(%) 
Ba3d5 
(%) 
1 vol% BaTiO3/P(VDF-TrFE), 
filtered 
56.1 0 43.9 0 0 
50 vol% BaTiO3/P(VDF-TrFE), 
filtered 
55.9 0 44.1 0 0 
P(VDF-TrFE) as reference 58.8 0 41.2 0 0 
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 Summary of investigations with ultrasonic fluid dispensing 
The dielectric solutions, P(MMA84/BPMA16) in anisole (30 g/L) and P(VDF-TrFE) in 
cyclopentanol (100 g/L) were selected because of their good printability. The applied 
parameters for the successful ultrasonic fluid dispensing of Ag and dielectric lines are 
summarized in Table 4.3. 
Table 4.3: Applied printing parameters for Ag and dielectric lines. 
Printed component Ag lines Dielectric lines 
Tip aperture (µm)  30 60 
Dispense gap (µm) 6 6 
Pumping voltage (V) 5 5 
Printing speed (µm/s) 10000 400	
 
As shown in Table 4.3, to avoid electrical shorts, a micropipette of a tip aperture of 30 µm 
was applied for printing Ag electrodes and of 60 µm for printing dielectric layers. Thus, 
dielectric line widths were at least 100 µm wider than those of the electrodes below. The 
average roughness of all the printed lines was in the range of several nanometers. The average 
thicknesses of the printed Ag, P(MMA84/BPMA16), and P(VDF-TrFE) lines were 150 and 
900 nm, respectively. 
It was demonstrated that for the printing of Ag NP, high pumping voltages led to unwanted 
ink dots at the end of the printed lines. Thus, the applied pumping voltage was set at 5 V. For 
the printing of dielectrics, although higher pumping voltages up to 15 V helps the ejections 
of solutions with high dielectric contents, it might lead to breakage of glass dispensers. 
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For higher throughputs, the fastest speed of printing lines was set to 10000 µm/s in order to 
maintain the printing accuracy and to protect the dispensers. It was shown that above 
10000 µm/s, the printed lines became winding because of the uncontrolled vibration of the 
fast-moving dispenser. 
For printed Ag lines, a resolution test showed that the average of the closest distances 
between two individual Ag lines was approximately 14 µm. With a 40 min annealing process 
at 200°C, the achieved electrical resistivity was 6.5 µΩ·cm.  
The dielectric thickness increased linearly with printed layer numbers and no large variations 
of roughness were observed with the increase of layer numbers. In the case of printed 
dielectric rectangular areas, unwanted rastered lines were formed because of the rapid rate of 
drying of the polymer solvents. To solve this problem, the printing speed is increased to 
9000 µm/s. As a result, at the centers of the rectangular areas (33% of pattern width), the 
mean of wave heights on surfaces decreased to 16 nm and the mean roughness decreased to 
6 nm. 
BaTiO3 and P(VDF-TrFE) powders were added into cyclopentanol. The unfiltered dispersing 
solutions were not printable with the Microplotter instrument because of the agglomeration 
of ceramic particles. After filtering with just 0.45 µm pore size, no ceramic particles were left 
because of the strong agglomeration. 
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 Comparison of inkjet printing technology with ultrasonic 
fluid dispensing technology 
A variety of direct writing technologies have been introduced in Section 2.1.2. As a 
commonly reported technology [5, 10], inkjet printing is a mask-less, drop-on-demand 
method with a simple digital setup, which has many similarities with the ultrasonic fluid 
dispensing. Therefore, among all the printing technologies, inkjet printing is chosen as a 
comparison to ultrasonic fluid dispensing in this chapter.  
To exhibit the differences of printing results between these two technologies, geometrical 
characteristics and resolutions of inkjet-printed Ag lines and areas are compared with those 
of capillary-printed Ag lines and areas with ultrasonic fluid dispensing. Printing polymers as 
a capacitor dielectric is also a vital aim of this work and thus its possibility in inkjet printing 
is investigated. The comparison results of both technologies are summed up, through which 
the better method for printing of thin-film capacitors is determined. 
 Printed Ag lines with inkjet printing technology 
For the printing of Ag features, the important printer parameters including temperature of 
print head and substrate, waveform, and jetting voltage were defined by the ink supplier Nano 
Dimension Ltd. (listed in Table 4.4).  
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Table 4.4: Printer settings for Ag nanoparticles (as given by ink supplier). 
Print head temperature 30°C 
Substrate temperature 60°C 
Waveform var1–2 µs, main–5 µs, var2–2 µs 
Jetting voltage 30 V 
 
The other important parameter is the droplet space, which affects feature resolution and 
printing quality by defining the density of printed dots. To print lines with only single rows 
of droplets, the distance between the centers of adjacent lines were fixed at 80 µm and the 
tested droplet spaces of every four lines were set at 20, 40, and 60 µm, respectively. As shown 
in Figure 4.16(a), the neighbor lines merged together with droplet spaces of 20 µm, which 
indicated too much droplets per line. Figure 4.16(b) shows that with an increased droplet 
space of 40 µm, continuous lines with an average width of 56 µm and an average line space 
of 22 µm were printed, where the droplets expanded and formed lines with good shapes and 
spaces. Shown in Figure 4.16(c) are printing results of a further increase of droplet space to 
60 µm, where individual droplets were observed and resulted in undesired break-ups of lines. 
Therefore, the optimal droplet space was determined as 40 µm to achieve the best resolutions 
of printed Ag lines with inkjet printing technology.  
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Figure 4.16: Printed features with constant center line spaces of 80 µm and different 
droplet spaces (20, 40, 60 µm from left to right). 
In comparison with the ultrasonic fluid dispensing technology, the inkjet printing technology 
provides the possibility of lower line widths down to 56 µm. The comparative advantage on 
line width was derived from the adjustable platen temperature with the given inkjet printing 
tool. Yet, the platen temperature function is not available in the capillary printing tool applied 
in this work. At 60°C, the solvent evaporated faster and the diameters of the expanded 
droplets were lower than the ones at room temperature. Furthermore, the measured line gap 
space between adjacent lines in this case was 22 µm on average. Increasing the shrinkage of 
the gap spaces any further would cause undesired merges of printed lines. In comparison, 
ultrasonic fluid dispensing settings were more flexible on the gap space, which reduced the 
resolution to a lower value of 14 µm. Figure 4.17 sums up the comparison results.  
(a) (b) (c) 
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Figure 4.17: Comparison of inkjet and capillary printed lines on minimal widths and 
gap spaces. 
In general, there was a clear decrease in feature thickness with an increase in droplet space 
for inkjet printing. For the inkjet-printed lines with a 40 µm droplet space and the 
capillary-printed lines with 40 µm tip aperture, the average thicknesses were 138 and 150 nm, 
respectively. The surface roughness of inkjet-printed and capillary-printed features were 
2 and 4 nm, respectively. More noteworthy is that, the inkjet-printed Ag NP did not form a 
dense connective film as the capillary-printed Ag NP, as shown in the SEM images in 
Figure 4.18. 
  
Figure 4.18: Top-view SEM images of printed Ag nanoparticles printed by (a) inkjet 
printing and (b) ultrasonic fluid dispensing technologies. 
Minimal	width	(µm) Minimal	gap	space	(µm)
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A comparison of Ag lines printed by inkjet printing and ultrasonic fluid dispensing 
technologies using optional light microscopy is shown in Figure 4.19. With inkjet-printing 
technology, discrete droplets were connected to form the lines, so the printed lines always 
had wavy edges, which originated from the arcs of discrete droplets (Figure 4.19(a)). The 
same phenomenon has also been reported by others [30]. In comparison, ultrasonic fluid 
dispensing technology showed no such wavy edges because the lines were deposited with 
continuous ink flow onto the surfaces. 
    
Figure 4.19: Optical images of Ag lines printed by (a) inkjet printing and (b) ultrasonic 
fluid dispensing technologies. 
 Printed Ag squares 
A comparison of Ag squares printed by inkjet printing technology with different drop spaces 
and ultrasonic fluid dispensing technology using optical light microscopy is shown in Figure 
4.20. The printing failures of uncovered surfaces originated from extremely large drop spaces 
over 30 μm , as shown in Figure 4.20(a) and (b). The best choice of drop space was found as 
(a) (b) 
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20 μm, where the printed squares provided continuous surfaces as shown in Figure 4.20(c). 
However, it also exhibited as non-straight edges and satellite ink dots, which cannot be 
further optimized in this case. The geometry results are summarized in Figure 4.21. The 
thickening at the square edge was caused by the buildup of Ag NPs present there during the 
evaporation of solvents, which was identified as “coffee stain” effect or “coffee ring” effect 
[19, 47]. Soltman et al. revealed that, the undesired “coffee stain” effect can be weakened by 
reducing the substrate temperature [47]. Here, the temperature of substrates was set at room 
temperature and yet the effect was still not eliminated. In comparison, the capillary printed 
squares had a good transfer of patterns with straight edges and smooth surfaces, as shown in 
Figure 4.20(d). 
 
Figure 4.20: Comparison of Ag squares printed by inkjet printing technology with 
different drop spaces (a) 40 µm, (b) 30 µm , (c) 20 µm and (d) ultrasonic 
fluid dispensing technology. 
(a) (b) 
(c) (d) 
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Figure 4.21: Comparison of Ag squares printed by inkjet printing technology with 
drop spaces of 20 µm and ultrasonic fluid dispensing technology with a 
40 µm tip aperture. 
 Printed polymers as dielectric layers 
Figure 4.22(a) and (b) visualizes printed P(MMA84/BPMA16) layers on the edge and the 
center of Ag squares printed by inkjet printing technology with optical light microscopy and 
schematic. Here, it was observed that the P(MMA84/BPMA16) layer could not cover the entire 
surface and left an open gap at the edge of the Ag feature. It is demonstrated that the printing 
failure of break-up is caused by the greater edge heights of Ag features and the following 
thermal treatment causes shrinking of polymer films which further widens the existing break-
up, which led to electrical shorts of stacked capacitors [111]. In comparison, the dielectric 
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layers printed with ultrasonic fluid dispensing technology showed different printing results 
due to the less edge heights of Ag features as shown in  Figure 4.22(c). 
    
Figure 4.22: P(MMA84/BPMA16) layers on the edge and center of Ag squares with 
inkjet printing technology with (a) optical light microscopy and (b) 
schematic; (c) schematic of well-deposited layers as a comparison. 
 Summary of comparison between two printing technologies 
By printing straight lines on micrometer scale, the drop-on-demand method of inkjet printing 
technology has its drawback with respect to the line space (22 µm), surface roughness (4 nm), 
and line uniformity. In these cases, the ultrasonic fluid dispensing technology is more 
advantageous. It allows for precise pattern transfers with low spacing (14 µm) and low 
surface roughness (2 nm).  
An undesired “coffee stain” effect was observed at inkjet printing and polymer solutions 
failed to cover Ag underlayers completely which caused shorts of stacked capacitors. In 
(a) (b) (c) 
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comparison, the capillary printed squares provided a better transfer of patterns with straight 
edges and smooth surfaces with both Ag NP ink and polymer solutions.  
In conclusion, for thin-film capacitors processed with metal NPs and polymer ink, ultrasonic 
fluid dispensing was demonstrated to be a better method in contrast to inkjet printing.  
 
 Electrical characterization of printed capacitors  
The electrical characteristics of printed Ag/P(MMA84/BPMA16)/Ag and Ag/P(VDF-
TrFE)/Ag capacitors are investigated to evaluate their device performances. Dielectric 
breakdown voltage and field strength are analyzed to determine the maximum working 
voltage in Section 4.3.1. In Section 4.3.2, relative dielectric constant and dielectric loss 
tangent over the frequency range of 100 Hz to 1 MHz are reported. The DC charge and 
discharge behavior of printed capacitors is discussed in Section 4.3.3. In Section 4.3.4 and 
4.3.5, the measured capacitance for stacked multilayer capacitors and the other capacitors 
with different layouts will be studied and the relationship between capacitance and 
geometrical parameters will be illustrated in detail. 
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 Dielectric breakdown measurements 
A representable example of a current-bias voltage characteristics up to the dielectric 
breakdown of a printed capacitor with a 200 nm thick P(MMA84/BPMA16) dielectric layer is 
shown in Figure 4.23. With a slow increase of applied voltage, an linear increase of current 
caused by space charging is observed at the beginning of the curve. It is followed by a region 
of even slower current increase, which indicates a common phenomenon in thin-film 
capacitors that electrons enter dielectric layers with a cold field emission from the cathode. 
The leakage current density remained 10-4 A/m2 at an operating voltage of 15 V bias voltage. 
After that, avalanche effect of a rapid current growth began at 33 V, where the breakdown 
occurred. The leakage current density reached 76.4 A/m2 at a 35 V.  
 
Figure 4.23: Leakage current-bias voltage plot of MIM capacitor with a 200 nm thick 
PMMA dielectric layer. 
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Another important parameter is the dielectric breakdown field strength. The measured 
breakdown strength of capacitors with varied dielectric thicknesses is shown in Figure 4.24. 
The cases of early breakdown before 0.5 MV/cm should be the consequences of 
inhomogeneous thickness, pinholes, or contaminants as weak points in dielectric layers. For 
the exceptional sample exhibiting high breakdown strength of 4.3 MV/cm, it might be 
explained that the avalanche breakdown was postponed because of the low conductivity of 
the unqualified electrodes. Since the exception cases were not included into the calculation 
of dielectric strength, the main results indicate a linear increase in breakdown voltage with 
P(MMA84/BPMA16) dielectric thickness while the dielectric strength remains stable at 
1.95 MV/cm. The observed deviations result from the minor structural flaws or thickness 
errors. The expectation of dielectric strength has been achieved and the results are consistent 
with the reported research of Berndt et al. who also provided a dielectric strength of 
0.3 MV/cm of non-cross-linked PMMA [13]. 
According to others research [14,15], the growing thickness of the dielectric layers of a 
polymer film would reduce the breakdown strength significantly because thicker dielectric 
layers trap and accumulate charges within the layer more efficiently, which leads to an earlier 
breakdown. However, because the dielectric was printed and annealed multiple times in this 
work, the free charges may have tended to be released at the interfaces of layers instead of 
causing breakdown. The same phenomenon was also demonstrated by other scientists [116].  
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Figure 4.24: Thickness and layer number dependent dielectric breakthrough voltage of 
printed Ag/P(MMA84/BPMA16)/Ag capacitors. 
The thickness of the printed layer of P(VDF-TrFE) was around 1.1 μm and the dielectric field 
strength of a printed Ag/P(VDF-TrFE)/Ag capacitor was at approximately 0.44 MV/cm. 
Compared to the reported value of 1.13 MV/cm [117], the relatively low dielectric strength 
could be related to a highly ordered and crystallized structure of P(VDF-TrFE), since it is 
demonstrated that the dielectric strength is negatively influenced by the crystallization of a 
material [118, 119]. 
 Relative dielectric constant and energy density 
The relative dielectric constant over frequency as examined on printed capacitors is outlined 
in Figure 4.25 and Figure 4.26. The relative dielectric constant of 
Ag/P(MMA84/BPMA16)/Ag capacitor decreased from 4.48 to 3.66 with low standard 
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deviations and a loss tangent of below 0.03 over the given frequency range as shown in 
Figure 4.25. It is well known that the change in loss tangent resulted from the resonance 
between natural frequency of dipoles and the frequency of external field. Because the 
dielectric loss tangent is stable in low levels in the measured frequency range, it is 
demonstrated that in P(MMA84/BPMA16) the orientation polarization kept active up to 1 MHz. 
For Ag/P(VDF-TrFE)/Ag capacitors, the relative dielectric constant decreased from 12.3 to 
8.24 with low standard deviations over the given frequency range and the loss tangent 
increased from 0.01 to 0.24 with frequencies as shown in Figure 4.26. At the frequency range 
between 10 kHz and 1 MHz, the loss tangent increased with the decrease of dielectric 
constant, which indicated a strong degradation of orientation polarization in P(VDF-TrFE). 
All the P(MMA84/BPMA16) and P(VDF-TrFE) capacitors exhibited the pronounced 
dielectric constant as expected and were in good agreement with the pure materials. 
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Figure 4.25: Relative dielectric constant (a) and dielectric loss tangent (b) over the 
frequency range of 100 Hz to 1 MHz as measured from a printed 
Ag/P(MMA84/BPMA16)/Ag capacitor. 
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Figure 4.26: (a) Relative dielectric constant and (b) dielectric loss tangent over the 
frequency range of 100 Hz to 1 MHz as measured from a printed 
Ag/P(VDF-TrFE)/Ag capacitor. 
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Based on Equation (4), the capacitance density of the Ag/P(MMA84/BPMA16)/Ag capacitor 
with dielectric thickness of 138 nm was determined as 267 μF·m-2 at 1 kHz. Despite 
possessing a higher dielectric constant, the Ag/P(VDF-TrFE)/Ag capacitor with dielectric 
thickness of 1.1 μm exhibits a capacitance density of 96.4 μF·m-2 at 1 kHz. According to 
Equation (8), the maximum energy density is related to the relative dielectric constant and 
dielectric strength. At a frequency of 1 kHz, the calculated maximum energy density of 
Ag/P(MMA84/BPMA16)/Ag and Ag/P(VDF-TrFE)/Ag capacitors was 7 ×	 105 J·m-3 at 
1.95 MV/cm and 1.03 ×	105 J·m-3 at 0.44 MV/cm, respectively. 
 DC charge/discharge data  
In Figure 4.27, the charge/discharge behavior of printed capacitors with effective areas of 
106 µm2	 and a dielectric thickness of 300 nm was illustrated by taking a 
Ag/P(MMA84/BPMA16)/Ag capacitor as an example. With a constant charging of 1 nA, the 
voltage increased linearly from 0 V to a maximum 32 V in 40 s. The linearity and high parallel 
resistances in charging and discharging indicted that because of the cross-linking effect of 
P(MMA84/BPMA16) Ag NPs were prevented from diffusing into the dielectric layers and 
causing a leakage current. While the electric field was cancelled, the voltage dropped 
exponentially with the RC time constants of 401 s and 40 s after charge and discharge. The 
capacitor exhibited a good energy storage property.  
For a printed Ag/P(VDF-TrFE)/Ag capacitor with effective areas of 106 µm2	and a dielectric 
thickness of 2.2 μm, it is shown in Figure 4.28 that the change of voltage exhibits an ideal 
linear behavior for all the charging/discharging steps, and thus, the influence of a conducting 
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pathway is very low. However, in the open circuit steps after charge and discharge, the 
charged voltage dropped exponentially with the RC time constants of 682 s and 394 s, 
respectively. 14% of the energy has been lost until the end of 12 s of the open circuit, which 
could be ascribed to the thermal impact of the sintering process for top electrodes. During 
the 200°C treatment, a phase transition from ferroelectric to paraelectric led to a lack of 
spontaneous polarization in P(VDF-TrFE). The same phenomenon has been reported by 
other scientists [120, 121].  
 
 
 
 
 
 
Figure 4.27: Maxwell six-step process of Ag/P(MMA84/BPMA16)/Ag capacitor. 
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Figure 4.28: Maxwell six-step process of Ag/P(VDF-TrFE)/Ag capacitor. 
With the help of the Maxwell six-step process [110], the capacitance densities and resistances 
pro area in charging and discharging can be calculated as per the Equations (17)–(22) listed 
in Table 4.5. For the capacitance densities, both capacitors exhibited consistency in charging 
and discharging. Concerning the stray resistances, the series resistances were about three 
orders of magnitude smaller than the corresponding parallel resistances in the both capacitors. 
Table 4.5: Capacitance density and  transverse unit resistances calculated with the help of 
the Maxwell six-step process. 
Capacitor Type	 Cch
* 
(μF·m-2) 
Rs_ch* 
(Ω·m2) 
Rp_ch* 
(kΩ·m2) 
Cdch* 
(μF·m-2) 
Rs_dch* 
(Ω·m2) 
Rp_dch* 
(kΩ·m2) 
Ag/P(MMA84/ 
BPMA16)/Ag	
1143 377 351 1082 99 38 
Ag/P(VDF- 
TrFE)/Ag	 146 560 4679 144 2260 2740 
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Figure 4.29 and Figure 4.30 exhibit the capacitance density measured in both DC and AC 
circuits for the Ag/P(MMA84/BPMA16)/Ag and Ag/P(VDF-TrFE)/Ag capacitors. In DC 
circuit, over 10 times of the AC capacitance density was achieved, owing to the fully 
achieved orientation polarization that is clearly observed in both capacitors. The relatively 
high capacitance density of Ag/P(MMA84/BPMA16)/Ag capacitor is attributed to its benefit 
of a thinner dielectric layer. The structure variation does not affect the linear relationship 
between the capacitance and area. 
 
Figure 4.29: Capacitance density over the frequency range of 0 Hz (DC) to 1 MHz as 
measured from a printed Ag/P(MMA84/BPMA16)/Ag capacitor. 
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Figure 4.30: Capacitance density over the frequency range of 0 Hz (DC) to 1 MHz as 
measured from a printed Ag/P(VDF-TrFE)/Ag capacitor. 
 Capacitance of stacked capacitors 
In this experiment, P(MMA84/BPMA16) was chosen as dielectric of the two-layer capacitor. 
As illustrated in Figure 4.31, the capacitance measurements over the frequency range were 
executed for the total capacitance of the capacitor Ctotal, and capacitances (C1 and C2) of top 
capacitor and bottom capacitor in a stock separately. The calculated results in Table 4.6 
demonstrates that the sums of the measured capacitance of bottom and top capacitors were 
consistent with the measured capacitance of the two-layer capacitor at both low and high 
frequency with an error lower than 2%.  
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Figure 4.31: Capacitance of the stacked Ag/P(MMA84/BPMA16)/Ag capacitors over 
the frequency range from 100 Hz to 1 MHz. 
Table 4.6: Capacitance summary of stacked Ag/P(MMA84/BPMA16)/Ag capacitors at 
100 Hz and 1 MHz. 
Applied frequency for 
capacitance measurement	
Measured 
C1 (pF) 
Measured 
C2 (pF) 
Measured 
Ctotal (pF) 
Calculated 
Ctotal (pF) 
@ 100 Hz	 1.56 2.79 4.39 4.35 
@1 MHz	 1.28 2.33 3.68 3.61 
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 Capacitance and capacitor geometry 
As illustrated in Figure 4.32, for capacitors with identical effective areas (25000 µm2), the 
capacitance was inversely proportional to the dielectric thickness. Figure 4.33 shows the 
measured capacitances of capacitors with three different layouts (all with a thickness of 
600 nm) and variations in electrode areas expanded from 103 to 105 µm2. The measured 
capacitance was directly proportional to the effective area of the electrodes. The equations of 
the trend lines show nonzero intercepts owning to a stray capacitance in parallel with the 
measured capacitor. Wires and measurement tools could be the reasons of the stray 
capacitance. 
 
Figure 4.32: Linear relationship between measured capacitance and reciprocal of 
dielectric thickness at 1 MHz. 
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Figure 4.33: (a) Relationship between measured capacitance and electrode areas at 
1 MHz; (b) optical image of sandwiched capacitor; (c) multilayer 
capacitor and (d) optical image of capacitor with long bend electrodes. 
 Summary of electrical characterization  
For the printed Ag/P(MMA84/BPMA16)/Ag capacitors, the dielectric strength was 
1.95 MV/cm, while the leakage current density remained at 10-4 A/m2 at an operating voltage 
of 15 V. For the printed Ag/P(VDF-TrFE)/Ag capacitors, the dielectric field strength was 
0.44 MV/cm. Breakdown voltage of those capacitors with multiple-printed dielectric layers 
increased proportionally with layer numbers, because dielectric strength was determined by 
the thickness of each printed layer and did not correlate to the number of layers. The results 
demonstrated that, for a given total thin-film capacitor dielectric thickness, it is beneficial to 
use multilayer dielectric films. 
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For the printed Ag/P(MMA84/BPMA16)/Ag and Ag/P(VDF-TrFE)/Ag capacitors, the relative 
dielectric constant at 1 kHz was 4.16 and 11.98, respectively. At 1 kHz, the capacitance 
density of Ag/P(MMA84/BPMA16)/Ag and Ag/P(VDF-TrFE)/Ag capacitors reached 267 and 
96.4 μF·m-2, respectively. The calculated energy density of both capacitors at a frequency of 
1 kHz was 7 ×	105 J·m-3 at 1.95 MV/cm and 1.03 ×	105 J·m-3 at 0.44 MV/cm, respectively. A 
negligible decrease was observed in dielectric constant at high frequencies owing to dipolar 
polarization. No strong frequency dependence was found in the relative dielectric constant 
up to 1 MHz.  
As to the DC charge/discharge tests, it can be concluded that both printed 
Ag/P(MMA84/BPMA16)/Ag and Ag/P(VDF-TrFE)/Ag capacitors perform well in the DC 
charge/discharge tests. Ag/P(MMA84/BPMA16)/Ag presented a better energy-storing 
potential (87.5% energy storage), while Ag/P(VDF-TrFE)/Ag behaved in perfect linearity in 
the charge and discharge modes. For both capacitors, the DC capacitance density was about 
10 times greater than that of AC.  
For the multilayer capacitors, it is shown that the capacitance sum of the separate capacitors 
was equal to the total capacitance of the multilayer capacitor over the frequency range. With 
identical effective areas, the capacitance was inversely proportional to the dielectric thickness. 
For the capacitors with different layouts but same dielectric thickness, the measured 
capacitance was directly proportional to the effective area of the electrodes.  
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 Summary and conclusions 
This thesis is devoted to the use of a novel printing technology and new dielectric materials. 
for all-printed thin-film capacitors.  
First, using continuous solution dispensing technology, printing conditions and parameters 
such as capillary tip aperture, dispense gap, pumping voltage, and printing speed are 
optimized for the printing of thin-film capacitors. The advantages of this technology in 
processing printed capacitors are demonstrated with a comparative study of inkjet printing. 
For the printing of straight lines on micrometer scale, inkjet printing technology has its 
drawback with respect to the line spacing (22 µm), surface roughness (4 nm), and unwanted 
wavy line edges, which originate from the arcs of the discrete drops. In comparison, the 
continuous solution dispensing technology allows for precise pattern transfers with less 
spacing (14 µm), lower surface roughness (2 nm) and higher line uniformity. For the printing 
of squares, the undesired “coffee stain” effect is observed in inkjet printing and polymer 
solutions fail to cover the entire surface, which causes a failure of printed capacitors. In a 
sharp contrast, the continuous solution dispensing technology provides a better transfer of 
square patterns with straight edges and smooth surfaces. Therefore, the continuous solution 
dispensing technology has certain superiority on the manufacture of printed electronics. 
Direct printing on demand and fast pattern design are some other attributes of this printing 
technology that allow for high throughput. 
Two different architectures for all-printed thin-film capacitors are designed in this work. For 
stacked capacitors, three different layouts are designed. The first one is the sandwiched 
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capacitor with crossed electrodes, as a basic and reliable device. The second is the 
sandwiched capacitor in a shape of long and tight bend line, which provides a relatively larger 
capacitance and an increased system density by filling free space in the system; the third one 
is the multilayer capacitor with a multiple increase of the capacitance density. For planar 
capacitors, interdigital electrodes are applied to support the specific electronic applications. 
Ag NPs-based ink is applied for the printing of electrodes in all the experiments because of 
the high conductivity of printed features and low annealing temperature. An innovative 
material P(MMA84/BPMA16) is selected as dielectric due to its superior cross-linking 
behavior with the resulted high dielectric strength. Although P(VDF-TrFE) was often used 
for printed capacitors in previous reports, it only contributed to the formation of the matrix 
structures in the ceramic/polymer composites [98]. However, in this work P(VDF-TrFE) 
enables to exhibit its high dielectric constant in the capillary-printed thin-film capacitors.  
With a cross-linked P(MMA84/BPMA16) as dielectric, a high dielectric strength of 
1.95 MV/cm is achieved, in comparison with 0.3 MV/cm of non-cross-linked PMMA [13]. 
The leakage current density is at a low level of 10-4 A/m2 at an operating voltage of 15 V. 
The capacitance density reaches 267 μF·m-2. In comparison with the previous report [2] with 
achieved maximum capacitance density of 57 μF·m-2, the printed capacitor in this work 
exhibits a 4.7 times higher value, resulting from the optimized isolating property which 
allows to reduce the dielectric thickness down to 138 nm for increasing the capacitance 
density. 
For the printed capacitor with P(VDF-TrFE) as dielectric, the capacitance density at 1 kHz is 
96.4 μF·m-2 and the dielectric field strength is at approximately 0.44 MV/cm. In comparison 
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with the previous report [98] with P(VDF-TrFE)/BaTiO3 composite as dielectric, the printed 
capacitor in this work offers a 12 times higher value, resulting from the achieved much lower 
dielectric thickness of 1.1 μm by using the applied printing technology.  
Finally, both capacitors show good performances (low series resistances and high parallel 
resistances) in the DC charge/discharge tests. In agreement with the theory, the measured 
relative dielectric constant is 4.16 and 11.98 for P(MMA84/BPMA16) and P(VDF-TrFE) and 
the calculated energy density of both capacitors is 7 ×	105 and 1.03 ×	105 J·m-3 at 1 kHz, 
respectively. The measured electrical properties of the printed capacitors suggest a possibility 
of applying the all-capillary-printed thin-film capacitors for energy storage, filter, and 
resonant circuits.  
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